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(57) ABSTRACT

A neuromodulation system and method with feedback opti-
mized electrical field generation for stimulating target tissue
of a patient to treat neurological and non-neurological
conditions. The system generally includes implantable elec-
trodes, implantable sensors, an implantable or external elec-
trical signal generator, and an 1mplantable or external con-
troller. The controller controls the electrical signal generator
to generate electrical noise stimulation signals that are
delivered to the target tissue via the electrodes and that
produce an optimized electric field having maximized volt-
age with low current density. The sensors produce tempera-
ture and impedance data for the target tissue and the con-
troller automatically responds to values of the sensor data
that indicate potential damage to the target tissue to reduce
the strength of the electric field.
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NEUROMODULATION SYSTEM AND
METHOD WITH FEEDBACK OPTIMIZED
ELECTRICAL FIELD GENERATION

CROSS REFERENCE TO RELATED
APPLICATIONS

Not applicable to this application.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable to this application.

BACKGROUND

Field

Example embodiments 1n general relate to a neuromodu-
lation system and method with feedback optimized electrical
field generation for modulating the activity of or stimulating
neural tissue, non-neural tissue, or a combination thereof as
a therapeutic treatment for pain and other neurological and
non-neurological conditions.

Related Art

Any discussion of the related art throughout the specifi-
cation should 1n no way be considered as an admission that
such related art 1s widely known or forms part of common
general knowledge 1n the field.

A number of technologies and methods have been used to
treat neurological and non-neurological conditions such as
pain, incontinence, depression, obesity, headaches, and oth-
ers. Both destructive and non-destructive methods have been
used to treat pain. Various destructive methods have been
used to treat chronic pain indications including radioire-
quency (RF) ablation, cryoablation, chemical ablation (phe-
nols, Botox®), ultrasonography ablation and mechanical
transaction. However, destructive methods cause destruction
of the portion of a nerve 1n the treatment zone, which 1n turn
causes an immediate loss of functionality (e.g., motor,
sensory, and proprioception) and may lead to long-term
atrophy, neuropathy and more pain. Consequently, destruc-
tive methods are typically treatments of last resort, and
should be used sparingly.

Various non-destructive methods also have been used to
treat pain including the use of prescription pain medications
(op1o1ds), local anesthetic 1njections, topical cocktails con-
s1sting of steroids and other anti-inflammatory agents, con-
tinuous 1nfusion of local anesthetics, and electrical stimula-
tion. Each method presents a unique set of challenges that
can compromise treatment eflicacy and/or usability.

For example, non-destructive methods using drugs, typi-
cally including opioids, can put patients at risk for unwanted
side eflects such as constipation, nausea, emesis, and ileus,
and can ultimately result in addiction and even death.
Non-destructive methods using 1njections of local anesthetic
and/or cocktails typically have a short effective duration
which may last only a period of hours, and may become
ineflective over time. Such methods thus typically require
continued, daily maintenance. Continuous infusion of anes-
thetics generally requires an external device be tethered to
the patient for long-term treatment, often over a period of
days. Daily device maintenance 1s thus a burden for patients
and 1s often an unwanted reminder that they have pain. The
use of local anesthetics and long-lasting locals (e.g.,
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Exparel®) may also cause nerve toxicity, vascular toxicity
and allergic reactions. Further, these agents are not imme-
diately reversible, titratable or selective to the type of nerve
activity that they block (e.g., pain vs. motor).

Electrical stimulation technologies have been used to
mitigate both acute (e.g., post-surgical) and chronic pain
types. Unlike pharmaceutical interventions, electrical stimu-
lation technologies are reversible, non-addictive, and can be
selective depending on their stimulation paradigm and treat-
ment site. Electrical stimulation can be delivered to various
parts of the central and peripheral nervous systems, 1nclud-
ing the sensory receptors in the brain, spinal cord, skin, and
various peripheral nerves. Moreover, electrical stimulators
can be configured to provide treatment 1n a transcutaneous,
percutaneous, and/or implantable fashion.

Two electrical stimulation paradigms have been primarily
used for the treatment of pain, both employing electrical
signals with periodic waveforms. Traditional stimulation
uses relatively low frequency (e.g., <1500 Hz) electrical
signals to produce paresthesia, which can to some extent
mask pain with a sensation of tingling or numbness. Sub-
sensory paresthesia stimulation, such as employed 1n the
HF10® technology by Nevro Corp., uses relatively higher
frequency (e.g., 10 KHz range) electrical signals to at least
partially block the transmission of nerve signals to the brain.

See, e.g., International Patent App. Pub. No. WO 2009/
061813 Al.

Unlike local anesthetics, neither of these electrical stimu-
lation types completely eliminates painful sensations. Tra-
ditional stimulation only attenuates painful sensations, and
simultaneously elicits electrical paresthesia (1.e., a buzzing,
tingling, or vibration sensation), which covers the receptive
field of the stimulated nerve. Sub-sensory paresthesia stimu-
lation does not elicit electrical paresthesia but 1s still effec-
tive at attenuating painful sensations. Further, despite the
promise of electrical stimulation, 1ts therapeutic eflicacy can
reduce after a few years of use. This phenomenon 1s known
as neurological tolerance and 1s the major reason for the
removal of implanted stimulators from patients. Still further,
the use of periodic electrical stimulation signals with rela-

tively low frequency, e.g., less than about 100 KHz, deliver
relatively short-term therapeutic efiects. Thus, while the
therapeutic eflects from electrical stimulation using such
signals typically begin to be felt within minutes-to-hours
alter the stimulation begins, they tend to only last for a
relatively short period of time, e.g., a few hours, aiter the
therapy has been discontinued. Because the therapeutic
ellects tend to be short-lived, continuous and/or frequent
stimulation sessions are generally required to provide thera-
peutic eflects that are felt for longer periods of time. This, in
turn, typically results in the need for on-going device
maintenance (e.g., daily battery charging) which 1s burden-
some and inconvenient.

Electrical stimulation has also been used to treat other
neurological and non-neurological conditions such as icon-
tinence, obesity and others. For example, electrical stimu-
lation signals have been applied to the nerves, e.g., sacral
and posterior tibial nerves, and muscles, e.g., pelvic
muscles, associated with the bladder and with urination as a
treatment for incontinence. Electrical stimulation of the
intestinal tract has been used as a treatment for gastrointes-
tinal motility disorders and obesity. Electrical stimulation
signals also have been applied to the nerves and muscles of
the stomach 1n order to inhibit or mitigate the sensation of
hunger and/or to modulate gastric motor function as a
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treatment for obesity and to help control chronic nausea and
vomiting associated with gastroparesis as a result of diabe-
tes.

Recently, International Patent App. Pub No. WO 2018/
136354 A1l (*the 354 Application™) has disclosed to employ

clectrical signals exhibiting statistically random waveforms,
1.€., noise, to provide stimulation or modulation of neural
tissue, non-neural tissue, or a combination thereof to treat
pain and certain other neurological disorders. According to
the 354 Application the electrical noise signals can be tuned
and can thus provide better patient outcomes than conven-
tional periodic electrical signals. The 354 Application dis-
closes to tune or adjust the electrical noise signals by
delivering the noise signals to a patient and then tuning or
adjusting the signals based on feedback provided by the
patient as to what the patient 1s feeling. However, 11 the
patient 1s unable to provide accurate and timely feedback,
the noise signals cannot be accurately or properly tuned, and
the resulting effects will be therapeutically sub-optimal and
possibly even adverse. The patient could even sufler dis-
comiort or tissue damage as a result.

The use of tunable statistically random electrical noise
signals to modulate or stimulate neural tissue, non-neural
tissue or a combination of both as described in the ’354
Application can provide improved therapeutic results com-
pared to the use of conventional periodic electrical signals.
However, the present inventor has discovered that even
better and longer-lasting therapeutic results can be achieved
by optimizing and maximizing the electric field produced in
the target tissue. Optimizing and maximizing the electric
ficld 1n the target tissue produces long-term plastic func-
tional change in the tissue. As a result, relatively shorter and
less frequent treatments can provide therapeutic results that
remain eflective over relatively long periods of time without
the need to apply electrical signals to the target tissue
continuously or repeatedly at short intervals. At the same
time, the electric field must be optimized and maximized in
a way that does not cause the patient discomiort or subject
the target tissue to potential damage. Further, the optimized
and maximized electric field must be rapidly and automati-
cally controlled in response to changes 1n physical param-
cters associated with the target tissue to avoid causing
patient discomfort or tissue damage.

There 1s thus a need for a neuromodulation system and
method that addresses various deficiencies and drawbacks of
conventional treatment apparatuses and methods. More spe-
cifically, there 1s a need for such a system and method that
uses electrical noise signals to modulate or stimulate target
neural tissue, non-neural tissue, or a combination thereof to
cllectively treat neurological and non-neurological condi-
tions including but not limited to acute and chronic pain
types, Parkinson’s disease, seizures, depression, bowl/blad-
der incontinence, obesity (to induce less appetite), etc. There
1s a need for such a system and method that 1s non-
destructive to the tissue treated, that preserves all other
neurological functions of the tissue such as touch, motors,
proprioception, etc., and that provides eflective therapeutic
results without inducing tolerance. There 1s a need for such
a system and method that can apply less frequent and shorter
treatments and produce therapeutic results that are eflective
over relatively long periods of time, thus also reducing the
need for device maintenance, e.g., battery re-charging. There
1s a need for such a system and method that can optimize and
maximize the electrical field produced 1n the target tissue to
achieve the foregoing therapeutic eflects while rapidly and
automatically controlling the electric field in response to
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changes 1n physical parameters associated with the tissue to
avoid causing patient discomiort or tissue damage.

SUMMARY

Example embodiments are directed to a neuromodulation
system and method with feedback optimized electrical field
generation to provide a therapeutic effect to target tissue of
a patient. The target tissue can be neurological tissue,
non-neurological tissue, or a combination of both. The target
tissue can be tissue that 1s within or adjacent to tissue of the
patient’s central, peripheral, or autonomic nervous system
including the brain, spinal cord, dorsal root ganglions,
sympathetic chain ganglions, cramial nerves, parasympa-
thetic nerves, and peripheral nerves, among others. The
target tissue can be neurological or non-neurological tissue
associated with other organs including the stomach, bladder,
and 1ntestines. The therapeutic eflect comprises a plastic
long-term functional change 1n the target tissue to lessen or
climinate a pathophysiologic disease or syndrome. The
therapeutic effect can treat a plurality of neurological and
non-neurological conditions including chronic and acute
pain, autonomic disorder, sensory disorder, motor disorder,
movement disorders, and cognitive disorder, obesity, psy-
chiatric conditions, seizure disorders, and incontinence
among others.

The neuromodulation system and method with feedback
optimized electrical field generation generally includes an
implantable electrode, an implantable sensor, an electrical
signal generator coupled to the implantable electrode, and a
controller coupled to the implantable sensor and to the
clectrical signal generator.

The electrical signal generator may be external or
implantable 1n a patient. The electrical signal generator 1s
adapted to generate an electrical noise stimulation signal for
stimulating or modulating target tissue of the patient com-
prising neurological tissue, non-neurological tissue, or a
combination of both.

The implantable electrode may comprise one or a plural-
ity of electrodes and 1s implantable 1n or near the target
tissue. The electrode receives the electrical noise stimulation
signal and delivers 1t to the target tissue to produce an
clectric field 1n the target tissue.

The implantable sensor may comprise a single sensor or
a plurality of sensors. The sensor or sensors may be incor-
porated with the electrode or electrodes and may be sepa-
rately implantable 1n or near the target tissue. The sensor or
sensors generate data indicative of a physical parameter
associated with the target tissue. In one aspect, the sensor
comprises a temperature sensor and the physical parameter
of the target tissue comprises temperature. In another aspect,
the sensor comprises an impedance sensor and the physical
parameter of the target tissue comprises impedance.

The controller may be external or implantable in the
patient. The controller 1s configured to receive the sensor
data and 1n response to automatically control the electrical
signal generator to generate the electrical noise stimulation
signal 1n a way to optimize and maximize the electric field
to produce an optimal therapeutic effect but with the electric
field not resulting in sensor data that indicates a value of the
physical parameter of the target tissue that 1s associated with
potential damage to the target tissue.

Generally, the controller 1s configured to control the
clectrical signal generator to optimize and maximize the
clectric field by generating and applying an electrical noise
stimulation signal that maximizes the voltage component of
the electric field while maintaining a level of current density
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and flow to the target tissue so that the sensor data does not
indicate a value of the physical parameter of the target tissue
associated with potential damage to the target tissue. In one
aspect, the electrical noise stimulation signal can have a
peak voltage level 1n the range of about 3V to about 200V
and current flow can be maintained in a range of about 10
mA to about 300 mA or less. The electrical noise stimulation
signal can have a frequency spectrum 1n the range of about
50 Hz., and more preferably about 100 Hz., to about 730
KHz.

In one aspect, the electrical signal generator 1s adapted to
generate the electrical noise stimulation signal 1 a fre-
quency band having a center frequency corresponding to a
peak value of impedance, and the controller 1s configured to
control the electrical signal generator to optimize and maxi-
mize the electric field by adjusting the center frequency. In
one aspect, the electrical signal generator 1s adapted to
generate the electrical noise stimulation signal 1n a plurality
of selectable frequency bands corresponding to a plurality of
peak values of impedance, and the controller 1s configured
to control the electrical signal generator to optimize and
maximize the electric field by selecting one of the frequency
bands. In one aspect, the system comprises a plurality of
selectable combinations of implantable electrodes, the elec-
trical signal generator 1s adapted to generate the electrical
noise stimulation signal so 1t 1s received by a selected
combination of the implantable electrodes, and the control-
ler 1s configured to control the electrical signal generator to
optimize and maximize the electric field by selecting the
combination of implantable electrodes that 1s to receive the
clectrical noise stimulation signal.

The controller 1s configured to automatically respond to
sensor data indicating a value of the physical parameter
associated with potential damage to the target tissue to
automatically take an action to reduce the strength of the
clectric field. In one aspect, the action to reduce the strength
of the electric field comprises an action to reduce the current
density and tlow to the target tissue. In one aspect, the value
of the physical parameter that 1s associated with potential
damage to the target tissue may be a specific value of high
temperature, e.g., 42° C., or a temperature range. In another
aspect, the value of the physical parameter that 1s associated
with potential damage to the target tissue may be a specific
value of low impedance or an impedance range.

There has thus been outlined, rather broadly, some of the
embodiments of the neuromodulation system and method
with feedback optimized electrical field generation in order
that the detailed description thereof may be better under-
stood, and in order that the present contribution to the art
may be better appreciated. There are additional embodi-
ments of the neuromodulation system and method with
teedback optimized electrical field generation that will be
described hereinafter and that will form the subject matter of
the claims appended hereto. In this respect, before explain-
ing at least one embodiment of the neuromodulation system
and method with feedback optimized electrical field genera-
tion 1n detail, 1t 1s to be understood that the neuromodulation
system and method with feedback optimized electrical field
generation 1s not limited 1n 1ts application to the details of
construction or to the arrangements of the components set
forth 1n the following description or illustrated in the draw-
ings. The neuromodulation system and method with feed-
back optimized electrical field generation 1s capable of other
embodiments and of being practiced and carried out 1n
various ways. Also, 1t 1s to be understood that the phrase-
ology and terminology employed herein are for the purpose
of the description and should not be regarded as limiting.
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BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

Example embodiments of the neuromodulation system
and method with feedback optimized electrical field genera-
tion will become more fully understood from the detailed
description given herein below and the accompanying draw-
ings, wherein like elements are represented by like reference
characters, which are given by way of illustration only and
thus are not limitative of the example embodiments herein.

FIG. 1 1s a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion 1n connection with electrical noise stimulation of target
neural tissue associated with a central nervous system, more
specifically target neural tissue 1n a brain, 1n accordance with
an example embodiment.

FIG. 2 1s an enlargement of the portion of FIG. 1
contained within dashed lines.

FIG. 3 1s a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion 1n connection with electrical noise stimulation of target
neural tissue associated with a central nervous system, more
specifically target neural tissue 1n a brain, 1n accordance with
another example embodiment.

FIG. 4 15 a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion 1n connection with electrical noise stimulation of target
neural tissue associated with a central nervous system, more
specifically target neural tissue of a spinal cord, 1n accor-
dance with an example embodiment.

FIG. 5 1s an enlargement of the portion of FIG. 4
contained within dashed lines.

FIG. 6 1s a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion in connection with electrical noise stimulation of target
neural tissue associated with a peripheral nervous system,
more specifically target neural tissue of a peripheral nerve,
in accordance with an example embodiment.

FIG. 7 1s a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion 1n connection with electrical noise stimulation of target
non-neural tissue associated with a gastrointestinal tract,
more specifically target non-neural tissue of a stomach, in
accordance with an example embodiment.

FIG. 8 1s an enlargement of the portion of FIG. 7
contained within dashed lines.

FIG. 9 1s a schematic view of a neuromodulation system
and method with feedback optimized electrical field genera-
tion in connection with electrical noise stimulation of target
neural tissue associated with a peripheral nervous system,
more specifically target neural tissue of a sacral nerve, in
accordance with an example embodiment.

FIG. 10 1s a block diagram illustrating the interconnec-
tions and communications between the major components of
a neuromodulation system and method with feedback opti-
mized electrical field generation i1n accordance with an
example embodiment.

FIG. 11 1s a block diagram illustrating the interconnec-
tions and communications between the major components of
an 1implantable internal controller and noise generator of a
neuromodulation system and method with feedback opti-
mized electrical field generation in accordance with an
example embodiment.

FIG. 12 1s a block diagram illustrating the interconnec-
tions and communications between an implantable internal
controller and an external controller of a neuromodulation
system and method with feedback optimized electrical field
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generation 1 accordance with an example embodiment 1n
connection with an external telecommunications network.

FIG. 13 1s a graph 1llustrating the amplitude with respect
to time of an electrical noise stimulation signal of an
implantable iternal controller and noise generator of a
neuromodulation system and method with feedback opti-
mized electrical field generation 1n accordance with an
example embodiment.

FIG. 14 1s a graph illustrating the power spectrum with
respect to frequency of an electrical noise stimulation signal
of an implantable mternal controller and noise generator of
a neuromodulation system and method with feedback opti-
mized electrical field generation in accordance with an
example embodiment.

FIG. 15A 1s a graph illustrating an impedance amplitude
spectrum with respect to frequency 1n response to applica-
tion of an electrical noise stimulation signal of an 1implant-
able 1internal controller and noise generator of a neuromodu-
lation system and method with feedback optimized electrical
field generation 1n accordance with an example embodi-
ment.

FIG. 15B 1s a graph illustrating another impedance ampli-
tude spectrum with respect to frequency in response to
application of an electrical noise stimulation signal of an
implantable mternal controller and noise generator of a
neuromodulation system and method with feedback opti-
mized electrical field generation 1n accordance with an
example embodiment.

FIG. 15C 1s a graph illustrating yet another impedance
amplitude spectrum with respect to frequency 1n response to
application of an electrical noise stimulation signal of an
implantable internal controller and noise generator of a
neuromodulation system and method with feedback opti-
mized electrical field generation 1n accordance with an
example embodiment.

FIG. 16 1s a graph 1llustrating impedance amplitude with
respect to time 1n response to application of an electrical
noise stimulation signal of an implantable internal controller
and noise generator of a neuromodulation system and
method with feedback optimized electrical field generation
in accordance with an example embodiment.

FIG. 17 1s a graph 1illustrating temperature with respect to
time 1n response to application of an electrical noise stimu-
lation signal of an implantable internal controller and noise
generator of a neuromodulation system and method with
teedback optimized electrical field generation 1n accordance
with an example embodiment.

FIG. 18A 1s a partial perspective schematic view illus-
trating a selection of electrodes of a multi-electrode lead for
application to tissue of an electrical noise stimulation signal
of an implantable mternal controller and noise generator of
a neuromodulation system and method with feedback opti-
mized electrical field generation in accordance with an
example embodiment.

FIG. 18B 1s a partial perspective schematic view 1llus-
trating another selection of electrodes of a multi-electrode
lead for application to tissue of an electrical noise stimula-
tion signal of an implantable internal controller and noise
generator of a neuromodulation system and method with
teedback optimized electrical field generation 1n accordance
with an example embodiment.

FIG. 18C 1s a partial perspective schematic view 1llus-
trating yet another selection of electrodes of a multi-elec-
trode lead for application to tissue of an electrical noise
stimulation signal of an implantable internal controller and
noise generator of a neuromodulation system and method
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with feedback optimized electrical field generation 1n accor-
dance with an example embodiment.

FIG. 18D 1s a partial perspective view graphically 1llus-
trating still another selection of electrodes of a multi-
clectrode lead for application to tissue of an electrical noise
stimulation signal of an implantable internal controller and
noise generator of a neuromodulation system and method
with feedback optimized electrical field generation 1n accor-
dance with an example embodiment.

FIG. 19A 1s a partial perspective view graphically 1llus-
trating a selection of electrodes of a pair of percutaneous
leads for application to tissue of an electrical noise stimu-
lation signal of an implantable internal controller and noise
generator of a neuromodulation system and method with
teedback optimized electrical field generation 1n accordance
with an example embodiment.

FIG. 19B 1s a partial perspective view graphically 1llus-
trating another selection of electrodes of a pair of percuta-
neous leads for application to tissue of an electrical noise
stimulation signal of an implantable internal controller and
noise generator of a neuromodulation system and method
with feedback optimized electrical field generation 1n accor-
dance with an example embodiment.

FIG. 19C 1s a partial perspective view graphically 1llus-
trating a selection of electrodes of a single percutaneous lead
for application to tissue of an electrical noise stimulation
signal of an implantable internal controller and noise gen-
erator of a neuromodulation system and method with feed-

back optimized electrical field generation 1n accordance with
an example embodiment.

DETAILED DESCRIPTION

A. Overview.

Example embodiments of a neuromodulation system and
method with feedback optimized electrical field generation
10 (referred to herein as neuromodulation system 10) pro-
vide eflective and long-lasting therapeutic results by deliv-
ering electrical noise stimulation signals to target tissue 12
ol a patient 14 1n such a way as to optimize and maximize
the electric field in the target tissue 12 while preventing
damage to the target tissue 12 and discomiort to the patient
14. By optimizing and maximizing the electric field in the
target tissue 12, the system 1s able to produce long-term
plastic functional change 1n the target tissue 12 with treat-
ments that are of relatively short duration. The treatments
produce eflective therapeutic results that are relatively long-
lasting.

The example embodiments of the neuromodulation sys-
tem 10 optimize and maximize the electric field 1n a way that
maximizes the voltage component of the electric field while
maintaining a relatively low level of current density and
flow 1n the target tissue 12, thereby helping to prevent
potential damage to the target tissue 12 and patient discom-
fort due to heating effects. The example embodiments of the
neuromodulation system 10 also rapidly and automatically
respond to sensed values of physical parameters, e.g., tem-
perature and impedance, that are associated with the target
tissue 12 that indicate potential damage to the target tissue
12 by controlling the electric field to reduce its 1ntensity,
including reducing current density and flow, to prevent
damage to the target tissue 12 and patient 14 discomiort.

The example neuromodulation system 10 generally
includes one or more 1implantable electrodes 30, one or more
implantable sensors S1, S2, an electrical signal generator 40
and a controller 50. The electrical signal generator 40 and
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the controller 50 are preferably enclosed within an implant-
able enclosure 16 that 1s adapted to be implanted 1n the
patient 14.

The electrodes 30 and the sensors S1, S2 are implantable
in, on, or around the target tissue 12 of the patient 14 to be
treated. The electrical signal generator 40 1s coupled to the
implantable electrodes 30 and the controller 50 1s coupled to
the implantable sensors S1, S2 and to the electrical signal
generator 40. The controller 50 1s adapted and configured to
control the electrical signal generator 40 to generate and
deliver electrical noise stimulation signals to the target tissue
12 of the patient 14 via the electrodes 30. The electrical
noise stimulation signals produce an electric field 1n the
target tissue 12 that 1s optimized and maximized by maxi-
mizing the voltage component while maintaining the current
density and flow at a relatively low value. Optimizing and
maximizing the electric field 1n this way results 1n long-term
plastic functional change in the target tissue 12 without
causing damage to the target tissue 12 or discomiort to the
patient 14 due to heating eflects.

The sensors S1, S2 are adapted to produce sensor data
comprising values of physical parameters, e.g., temperature
and impedance, of the target tissue 12 as the electrical noise
stimulation signals are applied to the target tissue 12. The
controller 50 1s adapted and configured to receive and use
the sensor data to optimize and maximize the electric field
for treatment. The controller 50 also 1s adapted and config-
ured to rapidly and automatically respond to values of the
sensor data that indicate potential damage to the target tissue
12 to control the electrical signal generator 40 to control the
clectric field 1n the target tissue 12 by reducing the intensity
of the electric field, including the current density and flow.

A number of approaches for controlling the electric field
to optimize and maximize its strength and to reduce its
strength are disclosed. One approach includes limiting the
time duration of the dose of electrical noise stimulation
signals. Another approach includes generating and deliver-
ing the electrical noise stimulation signals 1 a relatively
narrow frequency band with a center frequency correspond-
ing to a peak value of impedance and varying or adjusting
the center ifrequency. Another approach includes generating,
and delivering the electrical noise stimulation signals 1n a
plurality of relatively narrow frequency bands with center
frequencies corresponding to plurality of different peak
impedance values and selecting a frequency band with a
desired value of peak impedance. Another approach includes
selecting from among different electrodes 30 or combina-
tions of electrodes 30 with different spacing and orientation
in relation to the target tissue 12 and thus different corre-
sponding 1mpedance values to deliver the electrical noise
stimulation signals.

B. System 1in General.

FIGS. 1-10 1llustrate generally an example neuromodu-
lation system 10 that generates and delivers electrical noise
stimulation signals to target tissue 12 of a patient 14 1n a way
that optimizes and maximizes the electric field in the target
tissue 12 to provide eflective long-lasting therapeutic results
to the patient 14 by producing long-term plastic functional
change in the target tissue 12, and that automatically
responds to feedback from sensors S1, S2 to control the
clectric field and help prevent patient discomiort and poten-
tial tissue damage.

In general, the example neuromodulation system 10 com-
prises one or more implantable electrodes 30, one or more
implantable sensors S1, S2, an electrical signal generator 40
clectrically coupled to the implantable electrodes 30, and a
controller 50 electrically coupled to the implantable sensors
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S1, S2 and to the electrical signal generator 40. The elec-
trical signal generator 40 and the controller 50 may also be
implantable and may be enclosed within a suitable implant-
able enclosure 16 within a patient 14. Suitable electrical
leads 18 may eclectrically couple the electrical signal gen-
crator 40 and the electrodes 30. The implantable enclosure
16 may be provided with lead connection ports 19 for that
purpose. Alternatively, as 1llustrated 1n FIG. 6, the electrical
signal generator 40 may be external to the patient 14 and the
clectrical signal generator 40 and electrodes 30 may be
wirelessly coupled, for example electromagnetically via an
antenna, imnductively via an inductive coil, or by any other
suitable wireless arrangement.

As 1llustrated 1n FI1G. 10, the neuromodulation system 10
also can include an internal power source S2 to provide
power for the controller 50 and the electrical signal genera-
tor 40, a separate external controller 60, a user interface 62,
and an external power source 64. The external controller 60,
if used, can be coupled to the controller 50 directly or within
the implantable enclosure 16 by a percutancous electrical
lead 65 or wirelessly 1n any suitable manner including those
identified above.

The leads 18 with electrode or electrodes 30 may be
implanted 1n or near the target tissue 12 of the patient 14 to
be treated. In some applications, the electrodes 30 also can
be placed on or just under the skin of a patient at or near the
target tissue 12. The sensors S1 and S2 also may be
implanted 1n or near the target tissue 12 and may be located
comncident with or near the electrodes 30.

As 1llustrated 1n FIGS. 1-3, in an example embodiment of
the neuromodulation system 10 the target tissue 12 may
comprise neural tissue of the central nervous system of the
patient 14 1, on or around the patient’s brain 22. For
example for deep brain stimulation such as may be used to
treat certain neurological conditions, the electrodes 30 are
implanted relatively deep within the brain tissue. The elec-
trodes 30 may be located near the distal ends of relatively
rigid msulated wires 31 that extend from the distal ends of
leads 18 such as illustrated in FIG. 2 or may be located 1n
segmented portions 32 near the distal ends of the leads 18 as
illustrated 1n FIG. 3, or a combination of both. The example
embodiment of the neuromodulation system 10 can be used
to stimulate the neural tissue in, on and around the brain 22
to treat various neurological conditions and diseases includ-
ing but not limited to chronic pain, acute pain, autonomic
disorders, sensory disorders, motor disorders including
tremors, tics, Tourette’s syndrome, and Parkinson’s disease,
cognitive disorders including Alzheimer’s disease and
dementia, depression, anxiety, psychiatric disorders includ-
ing schizophrenia, seizure disorders including epilepsy, nar-
colepsy, incontinence, and Meniere’s disease.

In an example embodiment of the neuromodulation sys-
tem 10 the target tissue 12 may comprise neural and non-
neural tissue of the central nervous system of the patient 14
on and around the patient’s spinal cord 24, including but not
limited to neural and non-neural tissues i1n or around the
dorsal columns, dorsal roots, dorsal roots ganglion, and
ventral roots. As 1llustrated 1n FIGS. 4-5 for example, one or
more leads 18 with electrodes 30 near their distal ends can
be 1nserted mto the epidural space between the bones of the
spine and the spinal cord and advanced until one or more of
the electrodes 30 are positioned on or adjacent to target
neural and/or non-neural tissue in, on, or adjacent to the
spinal cord.

The one or more electrodes 30 may be positioned at
various locations laterally relative to the spinal cord includ-
ing, e.g., a dorsal (posterior) region, a dorsolateral region, a
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lateral region, and a ventral (anterior) region, and may be
positioned at various levels of the spine, e.g. S3-S1, L5-L1,

T12-T1, and C8-C1, depending on the condition to be

treated. The example embodiment of the neuromodulation
system 10 can be used to stimulate the neural tissue 1n, on
and around the spinal cord at various levels of the spine to
treat various diseases and syndromes. For example, a lead or
plurality of leads 18 with one or more ¢lectrodes 30 may be
positioned within the epidural space on or adjacent to target

neural tissue 1n, on, or around the spinal cord:
between T7 and T12 1n the thoracic spine to treat spinal
lumbar pain disorders;
between T10-T11 1n the thoracic spine to provide treat-
ment for chronic low back and leg pain;
between C2 and T1 1n the cervical spine to treat spinal

cervical pain disorders;

between C2 and T8 1n the spine to treat stable or unstable

angina;

between C2 and T8 in the spine to treat abdominal pain;

between T10-L5 in the spine to treat peripheral artery

disease of the lower limbs:

between C2 and T1 1n the cervical spine to treat upper

limb 1schemia.
A lead or plurality of leads 18 with one or more electrodes
30 may also be positioned within or near the dorsal root
ganglion to treat chronic or acute pain.

Other conditions that can be treated depending on the
particular target tissue stimulated and the spinal cord loca-
tion and spine level of the electrodes 30 include but are not
limited to acute pain, failed back surgery syndrome, com-
plex regional pain syndrome, peripheral vascular disease
and chronmic limb i1schemia, angina pain, diabetic pain,
abdominal/visceral pain syndrome, brachial plexitis, phan-
tom limb pain, intractable pain secondary to spinal cord
injury, mediastinal pain, Raynaud’s syndrome, cervical neu-
ritis, post herpetic neuralgia, vertigo, tinnitus, hearing loss
and inflammatory pain such as arthritis, irritable bowel pain,
osteoarthritis pain and fibromyalgia.

In an example embodiment of the neuromodulation sys-
tem 10 the target tissue 12 may comprise neural and non-
neural tissue of the peripheral nervous system of the patient
14 including tissues of the autonomic nervous system and
the somatic nervous system. Target tissue 12 of the auto-
nomic nervous system may comprise tissues of the sympa-
thetic nervous system, €.g., the sympathetic chain ganglion
and sympathetic nerves, and tissues of the parasympathetic
nervous system, e¢.g., the parasympathetic nerves. Target
tissue 12 of the somatic nervous system may comprise, €.g.,
the cranial nerves and the sacral nerves. The target tissue 12
also may comprise neural and non-neural tissues of the
major peripheral nerves including the tibial nerves, the
sacral nerves, and the sciatic nerves, as well as any other
peripheral nerves.

Depending on placement of the electrodes 30 1n relation
to target neural and non-neural tissues of the sympathetic
chain ganglion at various levels of the spine, the example
embodiment of the neuromodulation system 10 can provide
treatment for various conditions. For example, one or more
clectrodes 30 may be positioned on or adjacent to target
neural tissue of the autonomic sympathetic chain anterior to
the lumbar spinal column at level L1 to stimulate or modu-
late the nerves of the celiac plexus that connect to the
pancreas, gall bladder, intestines, liver, and stomach as a
treatment for pain; level L3 to stimulate or modulate the
lumbar nerves that connect to the legs and feet as a treatment
for pain; or level L5 to stimulate or modulate the hypogastric
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nerve that connects to the uterus, prostrate, bladder, rectum,
and perineum as a treatment for incontinence and sexual
dysfunction.

As further examples, a lead or plurality of leads 18 with
one or more electrodes 30 may be positioned:

within the sacral nerve plexus or sacral foramen to treat

urinary or fecal mcontinence;

near or around the lumbar sympathetic plexus to treat

chronic or acute pain of the limbs;

near or around the celiac sympathetic plexus to treat

chronic or acute pain of the abdomen;

near or around the hypogastric sympathetic plexus to treat

chronic or acute pain of the pelvic area;

near or around the stellate ganglion to treat pain of the

upper extremity;

near or around the vagus nerve to treat seizure disorders,

obesity, pain, or autonomic disorders;

near or around a peripheral nerve to treat acute pain,

chronic pain, fecal or urinary incontinence, seizure
disorders, movement disorders, obesity, spasticity, and
to modulate other unpleasant neurological conditions.

The electrodes 30 also may be positioned on or adjacent
to other target neural and non-neural tissues of the periph-
eral, autonomic, and somatic nervous systems associated
with the eyes, lachrymal glands, salivary glands, sweat
glands, hair follicles and blood vessels of the head, neck, and
arms, the heart and lungs, the stomach, duodenum, pancreas,
liver, kidneys, colon, rectum, bladder, and genitalia, and the
blood vessels of the lower limbs and perineum, among
others. The example embodiment of the neuromodulation
system 10 can thus provide treatment for various diseases
and syndromes including but not limited to complex
regional pain syndrome, peripheral vascular disease and
chronic limb 1schemia, angina pain, diabetic pain, abdomi-
nal/visceral pain syndrome, phantom limb pain, Raynaud’s
syndrome, hypertension, hypotension, headache and
migraine, and intflammatory pain such as arthritis, irritable
bowel pain, osteoarthritis pain and fibromyalgia. As further
examples, a lead or plurality of leads 18 with one or more
clectrodes 30 may be positioned near or around somatic
tissue, muscles, connective tissue, or non-neural tissue and/
or near or around visceral tissue or organs, and non-neural
tissue to treat acute pain, chronic pain, fecal or urinary
incontinence, seizure disorders, movement disorders, obe-
sity, spasticity, and to modulate other unpleasant neurologi-
cal conditions.

In an example embodiment illustrated in FIG. 6, an
clectrode 30 may be implanted on or adjacent to target tissue
12 comprising a major peripheral nerve such as the tibial
nerve 25 that extends down the leg 26 of a patient 16.
Depending on the application and the anatomy of the patient,
the electrode 30 may also be positioned on or just under the
skin adjacent the target tissue 12. The electrode 30 may
comprise a single electrode or may comprise multiple elec-
trodes 30. The electrode or electrodes 30 may be positioned
adjacent to the tibial nerve 25 at a desired location along 1ts
length. The electrode or electrodes 30 may be wrapped
partially or completely around a section of the tibial nerve
25. The electrical signal generator 40 may be external to the
patient 14 and eclectrically coupled to the electrode 30
wirelessly, for example electromagnetically via an antenna,
inductively via an inductive coil, or via any other suitable
wireless arrangement. Alternatively, the electrical signal
generator 40 can be electrically coupled to the electrode 30
by a percutaneous or transcutaneous lead 18. Also alterna-
tively, the electrical signal generator 40 can be implanted in
the patient 14 along with the electrode 30. With this arrange-
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ment, the example embodiment of the neuromodulation
system 10 can stimulate the target neural and non-neural
tissue of the tibial nerve 25 to provide treatment for one or
more diseases and syndromes including but not limited to
acute pain, failed back surgery syndrome, complex regional
pain syndrome, peripheral vascular disease and chronic limb
ischemia, angina pain, diabetic pain, abdominal/visceral
pain syndrome, brachial plexitis, phantom limb pain, intrac-
table pain secondary to spinal cord 1njury, mediastinal pain,
Raynaud’s syndrome, headache and migraine, cervical neu-
ritis, post-herpetic neuralgia, vertigo, tinnitus, hearing loss
and inflammatory pain such as arthritis, irritable bowel pain,
osteoarthritis pain and fibromyalgia.

In an example embodiment of the neuromodulation sys-
tem 10 the target tissue 12 may comprise neural and non-
neural tissue of various internal organs of the patient 14. In
an example embodiment 1llustrated 1n FIGS. 7-8, the target
tissue 12 comprises neural and non-neural tissue of the
stomach 27 of a patient 14. In this example embodiment, the
clectrodes 30 of the neuromodulation system 10 can be
implanted 1n or adjacent to neural and non-neural tissue of
the stomach 27, for example on or adjacent to tissues of the
wall of the stomach 27. With this arrangement, the example
embodiment of the neuromodulation system 10 can stimu-
late the neural tissue, e.g., parasympathetic nerves, and
non-neural tissue, muscle tissue, of the stomach 27. The
example embodiment of the neuromodulation system 10 can
thus provide treatment for obesity by imnhibiting or mitigating
the patient’s 14 sensation of hunger and/or modulating the
patient’s 14 gastric motor function, and/or provide treatment
to help control chronic nausea and vomiting by the patient
14 associated with gastroparesis as a result of diabetes,
among other conditions.

In an example embodiment of the neuromodulation sys-
tem 10 illustrated in FIG. 9, the target tissue 12 may
comprise neural and non-neural tissue associated with the
bladder 28 of a patient 14, for example neural and non-
neural tissue of the sacral nerves 29 associated with the
bladder 28. The leads 18 and electrodes 30 of the neuro-
modulation system 10 may be inserted into the patient 14
percutaneously and extended through or adjacent to the
sacral foramen of the patient’s 14 spine until the electrodes
30 are positioned on or adjacent to the appropriate sacral
nerve 29. With this arrangement, the example embodiment
of the neuromodulation system 10 can stimulate the neural
and non-neural tissue of the sacral nerves 29 associated with
the muscles and organs, ¢.g., the bladder 28, sphincter, and
pelvic floor muscles that relate to bladder control and thus
provide treatment to the patient 14 for conditions of over-
active bladder, incontinence, and others.

In each of the example embodiments of the neuromodu-
lation system 10 described above, the electrical signal gen-
erator 40 generates electrical noise stimulation signals which
are delivered to the target tissue 12 of the patient 14 by the
clectrodes 30 1n a way that optimizes and maximizes the
clectric field 1n the target tissue 12. This 1s eflective to
provide long-lasting therapeutic results to the patient 14 by
producing long-term plastic functional change in the target
tissue 12. The one or more sensors S1 and S2 may be
implanted 1n or near the target tissue 12 of the patient 14 and
may be located coincident with or near the electrodes 30. As
described 1n further detail below, the sensors S1 and S2
generate data that 1s indicative of a physical parameter
associated with the target tissue 12. In example embodi-
ments, the data may comprise data indicative of the tem-
perature or impedance of the target tissue 12, or some other
data indicative of the physical status of the target tissue 12.
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Also as described 1n further detail below, the sensor data 1s
received and used by the controller 50 to optimize and
maximize the electric field for treatment. The controller 50
also 1s configured to respond to the sensor data and to rapidly
and automatically take action by controlling the electrical
signal generator 40 to control and reduce the strength of the
clectric field as necessary to help prevent potential tissue
damage and patient discomiort without the need for any
direct input or feedback from the patient.

C. Implantable Electrode(s).

The electrodes 30 of the example embodiments of the
neuromodulation system 10 may be mmplantable in the
patient 14 1n, on, or around the target tissue 12 to be treated.
Depending on the application and the anatomy of the patient
14, the electrodes 30 may also be placed on or under the skin
of the patient 14. The electrodes 30 may be electrically
coupled to the electrical signal generator 40 by a suitable
lead or leads 18. Alternatively, the electrodes 30 may be
wirelessly electrically coupled to the electrical signal gen-
crator 40 clectromagnetically via a suitable antenna, induc-
tively via a suitable inductive coil, or by any other suitable
wireless arrangement.

The electrodes 30 receive the electrical noise stimulation
signals generated by the electrical signal generator 40 as
described in further detail below. The electrodes 30 produce
an electric field for application to the target tissue 12, which
as described can include neural tissue, non-neural tissue, or
a combination thereof.

The example embodiments may include a single electrode
30 or a plurality of electrodes 30. The electrodes 30 can
comprise one or more electrically conductive contacts inte-
grated 1n a lead 18 and electrically connected with one or
more electrically conductive wires of the lead 18. The
plurality of electrodes 30 can be arranged 1n various con-
figurations such as illustrated 1n FIGS. 18A-18D and 19A-
19C for example. In many cases, the electrodes 30 will be
carried by and will be located near the distal ends of
percutaneous leads 18, such as illustrated in FIGS. 1-2 and
19A-19C. In other cases, the electrodes 30 can be 1mncorpo-
rated 1n a laminotomy or paddle lead 18, such as 1llustrated
in FIGS. 18A-18D.

The shapes, sizes, and arrangements of the electrodes 30
and the spacing between electrodes 30 can be selected 1n
order to generate one or more electric fields 1n and around
the target tissue 12 having desired properties, depending at
least 1in part on the nature and location of the target tissue,
the condition being treated, and treatment being provided.
The electrodes 30 can produce one or more electric fields
alternately, consecutively, or simultaneously 1n and around
the target tissue 12. In addition, and as described further
below, a specific electrode 30 and/or one or more pairs or
other combinations of electrodes 30 can be selected to
optimize and maximize the strength or intensity of the
clectric field 1n the target tissue 12 to provide optimal
therapeutic results and/or to control the strength of the
clectric field 1n the target tissue 12 to prevent discomfort to
the patient 14 and damage to the target tissue 12. For
example, specific electrodes 30 or pairs or other combina-
tions of electrodes 30 having different distances from and/or
different orientations, e.g., angles, with respect to the target
tissue 12 can be selected, which can affect the impedance to
current flow between the electrodes, the direction of current
flow through the target tissue 12, the current density in the
target tissue 12, and the strength and orientation of the
clectric field(s) 1n the target tissue 12. Also for example, two
or more electrodes 12 on the same or separate leads can be
selected and tied or used together as a single electrode with
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greater surface area to increase current density. See, e.g.,
FIG. 19A, electrodes 30c, 30g can be selected together to
comprise a common cathode with electrode 30e as anode,
FIG. 19B, electrodes 30a, 30¢ can be selected together to
comprise a common cathode with electrode 30g as anode.
Different electrodes 30 may also have different sizes and
shapes, including surface areas, which can aflect current
density and flow and the strength of the electric field 1n the
target tissue 12.

Further, the one or more electrodes 30 can be configured
to function as monopolar, bipolar, or multipolar electrodes
30. For example, a pair of electrodes 30 can be configured
to function 1n a bipolar fashion with one of the electrodes 30
acting as the anode and the other as the cathode, as 1llus-
trated mn FIGS. 18A-18D and 19A-196 for example. In a
particularly preferred bipolar arrangement, one of the elec-
trodes 30 of the bipolar pair will be located 1n, on, or
adjacent to the target tissue 12, and the other electrode 30
will be located 1n or on non-excitable tissue, such as fat,
fascia, or myelin tissue, 1n order to produce an electric field
in and around the target tissue 12. Alternatively, each
clectrode 30 of the bipolar pair can be located 1n tissue,
including non-excitable tissue, adjacent to the target tissue
12 to produce an electric field in, through, and around the
target tissue 12. Preferably, regardless of the electrode 30
locations the electric field produced will be optimized and
maximized by applying to the electrodes 30 an electrical
noise stimulation signal having a relatively high peak volt-
age, €.2., 1n a range ol about 3V to about 200V, while
maintaining an acceptable relatively low current flow, e.g.,
about 10 mA to about 300 mA or less, 1n the target tissue 12.

Alternatively, a plurality of electrodes 30 can function as
anodes and another electrode 30 as a cathode, or vice versa,
in a multipolar fashion. The various electrodes 30 function-
ing 1n a bipolar or multipolar manner can be carried on the

same lead 18, as i1llustrated on 18 A-18D and FIG. 19C, or on
separate leads 18 as illustrated in FIGS. 19A and 19B, or a
combination of both. Still further, one or more electrodes 30
can function as one or more monopolar cathodes located 1n,
on, or around the target tissue 12 with another electrode 30
being positioned a substantial distance from the target tissue
12 such that most or all of the electric field 1s dissipated 1n
tissues of the patient 14. Alternatively, a case of the implant-
able enclosure 16 can function as the anode 1n a monopolar
configuration.

D. Implantable Sensor(s).

The one or more mmplantable sensors S1, S2 of the
example embodiments of the neuromodulation system 10
are 1mplantable 1n the patient 14 preferably in or near the
target tissue 12. The sensors S1, S2 may be located coinci-
dent with or near the electrodes 30. Fach of the sensors S1,
S2 may comprise a separate physical umt. Alternatively, one
or more of the sensors S1, S2 may be integrated together
and/or with one or more of the leads 18 or electrodes 30.

The sensors S1, S2 are preferably electrically coupled and
in communication with the controller 50 via leads. The leads
may comprise the leads 18 or may be separate from the leads
18. Alternatively, one or more sensors S1, S2 may be
clectrically coupled and 1n communication with the control-
ler 50 wirelessly, for example using RF signal transmaission.
The sensors S1, S2 may be coupled to and communicate
with the controller 50 via a sensor interface 56, which 1s
illustrated 1n FIG. 11 and described 1n further detail below.

The sensors S1, S2 are adapted to generate sensor data
that 1s indicative of one or more physical parameters pret-
erably associated with the target tissue 12. The sensor data
may be generated and may be communicated to the con-
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troller 50 synchronously or asynchronously, and continu-
ously or at regular or irregular intervals of time. The sensors
S1, S2 may actively communicate the sensor data to the
controller 50 or the controller 50 may 1nitiate communica-
tion with the sensors S1, S2 to retrieve the sensor data, e.g.,
by polling the sensors S1, S2.

In the example embodiments of the neuromodulation
system 10, the sensors S1, S2 preferably comprise one or
more of a temperature sensor and an impedance sensor. The
temperature sensor may comprise a thermistor, a solid state
temperature sensor, or any other type of temperature sensor
that 1s suitable for use consistent with the objectives
described herein. The impedance sensor may comprise a
miniature impedance or conductivity sensor. The impedance
sensor may comprise a solid state type sensor, such as an
integrated circuit, or any other type of impedance or con-
ductivity sensor that i1s suitable for use consistent with the
objectives described herein.

The reason why the sensors S1, S2 preferably comprise a
temperature sensor and/or an impedance sensor, and more
preferably at least one of each type, 1s because the tempera-
ture and impedance of the target tissue 12 of a patient 14 are
physical parameters of the target tissue 12 that exhibit
specific values and ranges of values that provide a clear
indication of the onset of potential damage and/or the
occurrence of damage to the target tissue 12, and possible
discomiort to the patient 14. For example, persons skilled 1n
the art will appreciate that the types of target tissue 12 of
interest in connection with the example embodiments of the
neuromodulation system 10 begin to experience damage due
to ablation at a temperature of about 42° C. Further, as the
target tissue 12 begins to experience damage due to ablation,
the impedance value of the tissue tends to rapidly decrease.

The temperature of the target tissue 12 varies 1n relation
to the level of current density and tlow 1n the target tissue 12
induced by application of the electric field to the target tissue
12 by the electrode 30. Thus, values and ranges of the
temperature and impedance parameters provided by the
sensor data that indicate potential damage to the target tissue
12 similarly indicate that the current density and flow
induced by the electric field i1s too high. At the same time,
relatively lower temperature and relatively higher imped-
ance values and ranges indicate that the current density and
flow 1s not at a level to potentially cause damage to the target
tissue 12.

Accordingly, the example embodiments of the neuro-
modulation system 10 can use the temperature and 1mped-
ance values of the target tissue 12 provided by the sensor
data to optimize and maximize the electric field intensity to
provide optimal therapeutic results while not causing dam-
age to the target tissue 12 or discomiort to the patient 14. The
example embodiments of the neuromodulation system 10
also can take action rapidly and automatically in response to
temperature and impedance values indicating potential dam-
age to the target tissue 12 or discomiort to the patient 14 to
control and if necessary reduce the electric field intensity,
including the current density and tflow, to prevent such
damage or discomiort even without any direct feedback
from the patient 14. The sensors S1, S2 and the controller 50
described further below thus comprise an automatic, closed-
loop feedback system.

E. Electrical Signal Generator.

The electrical signal generator 40 of the example embodi-
ments of the neuromodulation system 10 may be 1implant-
able 1n the patient 14, for example within the implantable

enclosure 16 as illustrated in FIGS. 1-5 and 7-11. Alterna-
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tively, the electrical signal generator 40 may be external to
the patient 14 as illustrated in FIG. 6.

The electrical signal generator 40 may comprise a sepa-
rate physical unit or may integrated with the controller 50
and/or with one or more other electrical or electronic com-
ponents described below 1n connection with the electrical
signal generator 40 and the controller 50. The electrical
signal generator 40 also may be integrated with an external
controller 60, which 1s described 1n further detail below.

The electrical signal generator 40 may be electrically
coupled and 1n communication with the electrodes 30 via
one or more electrical leads 18 as illustrated in FIGS. 1-35
and 7-10. Alternatively, the electrical signal generator 40
may be wirelessly electrically coupled to the electrodes 30
as illustrated in FIG. 6. The electrical signal generator 40
may be wirelessly coupled to the electrodes 30 electromag-
netically via a suitable antenna, inductively via a suitable
inductive coil, or by any other suitable wireless arrange-
ment. The electrical signal generator 40 may be electrically

coupled to the electrodes 30 via an electrode nterface 54,
which 1s illustrated 1n FIG. 11 and described in further detail

below.

The electrical signal generator 40 may also be electrically
coupled and in communication with the controller 50. The
clectrical signal generator 40 may be electrically coupled
with the controller 50 via a wired connection or wirelessly.

The electrical signal generator 40 1s adapted to generate
clectrical noise stimulation signals for delivery to the target
tissue 12 of the patient 14 through the electrodes 30 1n order
to produce an electric field 1n the target tissue 12 to stimulate
or modulate the target tissue 12 and thereby produce a
therapeutic result as described herein. More specifically, the
clectrical signal generator 40 1s adapted, under control of
and 1n response to the controller 50, to generate electrical
noise stimulation signals to optimize and maximize the
clectric field in the target tissue 12 to produce an optimal
therapeutic effect without resulting in data from the sensors
S1, S2 indicating a value of the physical parameter, e.g.,
temperature or impedance, associated with potential damage
to the target tissue 12 as described above.

The electrical signal generator 40 1s preferably adapted
and configurable to generate electrical noise stimulation
signals having characteristics determined by parameters and
commands received by the electrical signal generator 40 1n
real time, for example from the controller 50 or an operator,
and/or determined by parameters and commands contained
in an embedded or external program or storage. For
example, 1 response to and under the control of the con-
troller 50 the electrical signal generator 40 may be adapted
and configured to start and stop the generation of the
clectrical noise stimulation signals so that the example
embodiments of the neuromodulation system 10 can apply
doses of the electrical noise stimulation signals to the target
tissue 12 for selected durations of time and at selected
intervals of time.

Also 1n response to and under the control of the controller
50, the electrical signal generator 40 1s preferably adapted
and configurable to selectively generate electrical noise
signals that have one or more selected voltage peak values
and that include all frequencies within a selected frequency
spectrum or one or more selected bands of frequencies
within the selected frequency spectrum with each selected
band of frequencies having a selected bandwidth and center
frequency. The electrical signal generator 40 also 1s prefer-
ably configurable to selectively generate electrical noise
signals having one or more selected peak voltage levels at
one or more selected frequencies within a selected frequency
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spectrum and/or within one or more selected frequency
bands within the spectrum. The particular characteristics of
the electrical noise stimulation signals the electrical signal
generator 40 will be controlled to generate 1n practice
depends on a variety of factors including the nature and
location of the target tissue, the nature and severity of the
condition being treated, and others. For clarity, references to
“peak voltage levels” of the electrical noise stimulation
signals herein are to the monopolar peak values, 1.e., positive
or negative peak values, of the electrical noise stimulation
signals and not to their peak-to-peak values which will be
about twice the peak values.

More specifically, the electrical signal generator 40 prei-
erably 1s adapted to generate the electrical noise stimulation
signals using one or more forms of synthesis alone or 1n
combination comprising subtractive synthesis, additive syn-
thesis, component modeling synthesis, wavetable synthesis,
linear arnthmetic synthesis, phase distortion synthesis, fre-
quency modulation synthesis, and sample-based synthesis.
Further, the electrical signal generator 40 preferably is
adapted to generate the electrical noise stimulation signals to
include at least one form of noise comprising Gaussian
noise, white noise, pink noise, Brownian noise, red noise,
and grey noise.

Also more specifically, the electrical signal generator 40
preferably 1s adapted and configurable to selectively gener-
ate the electrical noise stimulation signals with peak voltage
values 1n the range of about 3V to about 200V, and over a
spectrum of frequencies in the range of about 50 Hz., and
more preferably about 100 Hz., to about 750 KHz. It will be
appreciated that within these ranges the peak voltage values
and frequencies selected for use will depend on the nature
and location of the tissue being stimulated or modulated and
the nature and severity of the condition being treated, among
other considerations.

Alternatively, other forms of noise stimulation signals can
be substituted for the electrical noise stimulation signals
described above and other generators of such noise stimu-
lation signals can be substituted for the electrical signal
generator 40 to similarly stimulate the target tissue 12,
provide the same or similar treatments for the same condi-
tions, and achieve the same or comparable therapeutic
cllects. For example, magnetic, electromagnetic, or
mechanically-induced noise, e.g., ultrasound noise, stimu-
lation signals may be substituted for the electrical noise
stimulation signals and a magnetic, electromagnetic, or
ultrasound noise generator may be substituted for the elec-
trical signal generator 40.

F. Controller.

The controller 50 of the example embodiments of the
neuromodulation system 10 may be mmplantable in the
patient 14, for example 1n the implantable enclosure 16 as
illustrated 1 FIGS. 1-5 and 7-11. The controller 50 may
comprise a separate physical unit or may integrated with the
clectrical signal generator 40 and/or with one or more other
clectrical or electronic components described 1n connection
with the electrical signal generator 40 and the controller 50.

The controller 50 may comprise a general purpose micro-
processor or a dedicated purpose processor such as micro-
controller. The microprocessor can be a single-chip proces-
sor or 1mplemented with multiple components. The
controller 50 also may comprise computer-readable storage
for storing an operating system, program code or instruc-
tions, and data and parameters for controlling the operation
of the controller 50. The storage may comprise random
access memory (RAM), read only memory (ROM), and/or
other volatile and/or non-volatile memory types. The pro-
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gram code, data, etc. can also reside on a removable storage
medium, for example, CD-ROM, PC-CARD, USB drives,
and may be loaded or installed when needed. Using instruc-
tions retrieved from storage, the microprocessor can control
the reception and manipulations of mput data from compo-
nents of the neuromodulaton system 10, such as the sensors
S1, S2, and the output and communication of data, param-
eters, mstructions, or commands to other components, such
as the electrical signal generator 40.

The controller 50 may be coupled with and may control
an electrode 1nterface 54, which may be enclosed within the
implantable enclosure 16 with the controller 50. The elec-
trode interface 54 may comprise a separate component or
may be integrated with the controller 50. The electrode
interface 54 1s preferably interposed between the output of
the electrical signal generator 40 and the electrodes 30. The
clectrode interface 54 1s adapted to recerve the electrical
noise stimulation signal from the electrical signal generator
40 as an mput and to selectively connect the electrical noise
stimulation signal to one or more selected electrodes 30 via
one or more leads 18 as outputs. The electrode interface 54
may comprise for example a MUX or a similar controllable
selector for selectively connecting an input, e.g., the elec-
trical noise stimulation signal, to one or more selected
outputs, e.g., the electrodes 30 via leads 18.

The controller 50 may be coupled with and may commu-
nicate with and receive sensor data from the sensors S1, S2
through a sensor interface 56, which may be enclosed within
the implantable enclosure 16 with the controller 50. The
sensor interface 56 may comprise a separate component or
may be integrated with the controller 50. The sensor inter-
face 56 1s preferably adapted to receive the sensor data from
the sensors S1, S2 and to pre-process 1t as necessary for use
by the controller 50. For that purpose, the sensor interface 56
may comprise one or more data bullers, filters, and any other
components necessary or desirable for receiving, cleaning,
formatting, etc. the sensor data for use by the controller 50.

The controller 50 may be coupled with a communications
interface 58, which may be enclosed within the implantable
enclosure 16 with the controller 50. The communications
interface 38 may comprise a separate component or may be
integrated with the controller 50. The communications inter-
tace 58 1s preferably adapted to allow the controller 50 to
communicate with other components of the example
embodiments of the neuromodulation system 10, such as for
example the external controller 60 and user interface 62
illustrated 1n FIG. 10, and/or with other devices such as for
example remote devices of the telecommunications network
80 illustrated 1n FIG. 12 and described below. The commu-
nications interface 58 preferably comprises the necessary
wired and/or wireless connections, iterfaces, and protocols
to implement and support such communications. Suitable
connections, interfaces, and protocols may include, for
example, Ethernet, Wi-f1, USB, Bluetooth, as well as various
other network, internet, and cellular connections, interfaces,
and protocols 1dentified below 1n connection with the tele-
communications network 80.

The controller 50 1s preferably adapted and configurable
to automatically control the electrical signal generator 40 to
generate and deliver the electrical noise stimulation signals
to the target tissue 12 1n a way that optimizes and maximizes
the electric field 1n the target tissue 12 by maximizing the
voltage component of the electric field while limiting the
current density and flow in the target tissue 12 to a suih
ciently low level to not generate heating effects in the target
tissue 12 that may cause damage to the target tissue 12 and
discomiort to the patient 14. In this way, the controller 50 1s
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able to automatically control the electrical signal generator
40 to generate and deliver electrical noise stimulation sig-
nals that optimize and maximize the electric field in the
target tissue 12 to produce an optimal therapeutic effect but
without the sensor data from the sensors S1, S2 indicating a
value of a physical parameter of the target tissue 12, e.g.,
temperature or impedance, associated with potential damage
to the target tissue 12.

The present mventor has discovered that by optimizing
and maximizing the electrical field produced 1n neural, e.g.,
spinal cord or nerve tissue, and non-neural, e.g., fascia or
myelin, target tissue 12 1n this way (lugh voltage-low current
density and flow), larger doses of the electrical noise stimu-
lation signals (1.e., higher voltage levels for longer periods
of time) can be delivered to the target tissue 12 without
causing overheating and damage to the target tissue 12. The
present mventor has further discovered that this in turn
produces long-term plastic functional changes 1n the target
tissue 12 that result 1n a more complete neural inhibition or
blockade of neural function and that last for relatively long
periods of time (days-to-weeks). As a result, relatively
shorter and less frequent treatments can provide essentially
continuous etlective therapeutic results without the need to
apply electrical modulation signals very frequently or sub-
stantially continuously, and without the related need for
substantially continuous device maintenance. The present
inventor also has found that the target tissue 12 1s less likely
to develop a “tolerance” to the anatomic changes produced
with repeated dosing, which 1s a phenomenon that plagues
conventional spinal cord stimulation (SCS) systems.

In order to optimize and maximize the electric field to
have the described voltage and current characteristics
described, the controller 50 i1s preferably adapted and con-
figurable to determine peak values of impedance to the tlow
of current 1n the target tissue 12 at one or more frequencies
within a selected portion or within the entire spectrum of
frequencies of electrical noise stimulation signals the elec-
trical signal generator 40 1s intended to potentially deliver to
the target tissue 12 for treatment. Once the peak values of
impedance and the corresponding frequencies are deter-
mined, the controller 50 can control the electrical signal
generator 40 to selectively generate and deliver to the target
tissue 12 electrical noise stimulation signals in one or more
selected relatively narrower frequency bands having center
frequencies corresponding to the peak values of impedance.
The controller 50 1s also configurable to control the electri-
cal signal generator 40 to adjust the characteristics of the
noise signals within a selected band, such as for example the
peak voltage values of the signals, the center frequency of
the band, and the width of the band. In this way, the example
embodiments of the neuromodulation system 10 can opti-
mize and maximize the electric field produced in the target
tissue 12 by generating and delivering electrical noise stimu-
lation signals with peak voltage values selected to maximize
the voltage component of the electric field while maintaining,
the current density and flow at relatively low levels to
prevent overheating and causing damage to the target tissue
12.

The controller 50 can be configured to determine the peak
values of impedance and the corresponding frequencies at
which they occur in any suitable manner. A number of
suitable example approaches are described below. In each
approach, the electrodes 30 are first inserted in the patient 14
in conventional fashion and are positioned as desired 1n
relation to the target tissue 12 as described herein.

According to one approach, the controller 50 1s preferably
configurable to control the electrical signal generator 40 to
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generate and deliver to the target tissue 12 via the electrode
30 an electrical noise stimulation signal that has a selected
peak voltage level and a selected frequency spectrum com-
prising the entire range of frequencies of electrical noise
stimulation signals that the electrical signal generator 40 1s
intended to potentially deliver to the target tissue 12 for
treatment.

For example, as illustrated 1n FIG. 13, the electrical noise
stimulation signal 70 can have a selected peak-peak voltage
of about 300V with selected peak values of about +130V and
—1350V. It 1s noted that for clarity of 1llustration, FIG. 13 does
not 1llustrate the entire electrical noise stimulation signal 70
but only illustrates the portions of the signal proximate to the
peak values. As 1illustrated 1n FIG. 14, the power spectrum
72 of the electrical noise stimulation signal 70 1s substan-
tially constant over the entire frequency bandwidth.

As described herein, the frequency spectrum of the elec-
trical noise stimulation signal 70 can be selected based on
various considerations including but not limited to the nature
of the tissue to be stimulated or modulated, the nature and
severity of the condition or disease being treated, the loca-
tions and orientations of the electrodes 30 in relation to the
target tissue, and others. As previously described, preferred
bandwidths may include about 50 Hz., and more preferably
about 100 Hz., to about 750 KHz.

The controller 50 1s further configurable to control the
clectrical signal generator 40 to generate and deliver to the
target tissue 12 via the electrodes 30 an electrical noise
stimulation signal that comprises a band of frequencies
within the selected frequency spectrum with a center fre-
quency and a relatively narrow bandwidth. Both the center
frequency and the bandwidth are selectable and can be
adjusted or changed by the controller 50. The bandwidth can
be selected based on the degree of resolution with which 1t
1s desired to determine the peak values of impedance and the
corresponding 1Irequencies at which they occur. For
example, the bandwidth might be selected to be 1n the range
of about 100 Hz. to about 1 KHz. Alternatively, the con-
troller 50 can be configurable to generate and deliver a
non-noise electrical stimulation signal comprising a single
selectable frequency, 1.e., a periodic signal.

The controller 50 1s further configurable to control the
clectrical signal generator 40 to successively generate and
deliver the electrical noise stimulation signals with the same
relatively narrow bandwidth but with a plurality of diflerent
center frequencies that span a selected portion or the entire
spectrum of frequencies the electrical signal generator 1s
intended to potentially deliver to the target tissue 12 for
treatment. The controller 50 can be configured to control the
clectrical signal generator 40 to continuously sweep or scan
the center frequency across the entire frequency spectrum or
a selected portion or portions of the entire spectrum, and
alternatively may control the electrical signal generator 40 to
adjust the center frequency in one or more fixed increments
or steps. For example, the controller 50 can be configured to
control the electrical signal generator 40 to continuously or
discretely scan or sweep the center frequency from the
lowest frequency to the highest frequency of the entire
spectrum or a selected portion or portions of the entire
spectrum. Alternatively, the controller 50 can be configu-
rable to control the electrical signal generator to continu-
ously or discretely scan a non-noise electrical stimulation
signal comprising a single selectable frequency, 1.¢., a peri-
odic signal, across the entire spectrum or a selected portion
or portions thereof.

The controller 50 1s configurable to receive and monitor
sensor data from the sensors S1, S2 while the electrical noise
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stimulation signals are being delivered to the target tissue 12
via the electrodes 30. The controller 50 1s configurable to
determine from the sensor data the impedance to current
flow 1n the target tissue 12 at each center frequency or at a
subset of the center frequencies of the narrow band of
clectrical noise stimulation signals. Accordingly, the values
of impedance may be substantially continuous or may be a
series of discrete values. FIGS. 15A-13C illustrate several
examples of the impedance (7)) 74 with respect to frequency
and demonstrate how the magnitude of the impedance (7)) 74
can vary as the center frequency of the narrow band of
clectrical noise stimulation signals 1s scanned or swept
substantially continuously across the selected frequency
spectrum. The two-headed arrow 1n each figure indicates
that the figure 1s 1llustrating only a portion of the values of
impedance (7.) 74 for a corresponding portion of the scanned
or swept frequencies 1n either direction.

The controller 50 1s configurable to determine from the
impedance (7Z) sensor data a peak or peaks of greatest
magnitude and the frequencies at which they occurred. The
controller 50 1s also preferably configurable to determine the
center frequency (1) and lower and upper frequencies (1, 1,)
for each of the peak or peaks. The center frequency (1)
generally will correspond to the center frequency of the
narrow frequency band of electrical noise stimulation sig-
nals that produced the peak, but may also be different for
various reasons. Similarly, the lower and upper frequencies
(f,, 1,) of the peaks will generally correspond to the lower
and upper frequencies of the narrow frequency bands of
clectrical noise stimulation signals that produce the peaks,
but may also be different. The band of frequencies corre-
sponding to a peak, like the band of frequencies of the
clectrical noise stimulation signals that produced the peak
comprise a relatively smaller subset of the entire frequencies
of the selected frequency spectrum. The upper and lower
frequencies (1, 1,) of each peak can be determined 1n any
number ol manners, including for example treating the
shape of the peak as a bandpass filtered signal and applying
conventional calculations for determining filter roll-ofl or
cut-oil frequencies.

Various impedance peaks with various values of magni-
tude may occur at various different frequencies within the
entire spectrum or range of frequencies scanned or swept.
For example, FIG. 15A 1illustrates a first peak of impedance
(7) 74 having a first value of magnitude and a center
frequency (1) at a corresponding first frequency value, FIG.
15B illustrates a second peak of impedance (7)) 74 having a
second value of magnitude and a different center frequency
(f.) at a corresponding second frequency value, and FIG.
15C 1llustrates a third peak of impedance (Z) 74 having a
third value of magnitude and a center frequency () at a
corresponding third frequency value. The controller 50
preferably 1s configurable to discriminate between or filter
the detected impedance peaks and to retain for use in
providing treatment only those center frequencies and rela-
tively narrow frequency bands corresponding to peaks with
suilicient magnitudes of impedance to effectively optimize
and maximize the electric field with the desired character-
istics of voltage and current as described herein. For
example, impedances in the range of about 200 ohms to
about 10,000 ohms may be suitable for use depending on
various factors including the selected value of peak voltage
of the electrical noise stimulation signals to be applied, the
target tissue, the nature and severity of the condition to be
treated, the configuration and locations of the electrodes
relative to the target tissue, and others. For clarity, it will be
appreciated that the foregoing range of impedance values
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(7Z) 1s contemplated to include impedance contributions of
the target tissue, tissue interface, leads, and electrodes.

According to another approach to determine the peak
values of impedance and the corresponding frequencies and
frequency bands at which they occur, the controller 50 1s
preferably configurable to control the electrical signal gen-
crator 40 to generate and deliver to the target tissue 12 via
the electrode 30 an electrical noise stimulation signal such as
illustrated 1 FIGS. 13-14 that has a selected peak voltage
level and a selected frequency spectrum comprising the
entire range ol frequencies that the electrical signal genera-
tor 40 1s intended to potentially deliver to the target tissue 12
for treatment. The electrical noise stimulation signals can
have the same parameters as the approach described above.

The controller 50 1s configurable to receive and monitor
sensor data from the sensors S1, S2 while the electrical noise
stimulation signals are being applied to the target tissue 12
via the electrodes 30. The controller 50 1s preferably con-
figurable to determine from the sensor data the impedance to
current flow 1n the target tissue 12 at one or a plurality of
frequencies and frequency bands within the selected fre-
quency spectrum. For example, the controller 50 can be
configured to apply a bandpass filter to the impedance sensor
data to determine the magnitude of the impedance to the
clectrical noise stimulation signals comprising one or a
plurality of narrow frequency bands. The bandpass filter can
have a selected pass band and a discretely or continuously
variable center frequency. The bandpass filter may be
applied to the impedance sensor data in real time or the
sensor data may be stored for processing with the filter. The
filter can produce a substantially continuous set of 1imped-
ance values in relation to frequency similar to that shown 1n
FIGS. 15A-15C or a set of discrete values at discrete values
of frequency. The controller 50 can be configured to process
the filtered impedance sensor data in a manner similar to that
described above to determine the peaks in impedance, the
magnitudes of the impedance at the peaks, and the corre-
sponding frequencies and frequency bands at which they
occurred for use 1 optimizing and maximizing the electric
field to provide treatment.

It 1s noted that both approaches described above are
examples and that the peaks and peak magnitudes of 1mped-
ance and the frequencies and frequency bands at which they
occur can be determined 1n other ways that do not depart
from the broad concepts present 1n the example embodi-
ments of the neuromodulation system 10 described herein. It
1s further noted that regardless of the approach used, 1t 1s
preferred that the controller 50 monitor the sensor data from
the sensors S1, S2 while the approach 1s being carried out.
That way 11 the sensor data corresponding to a physical
parameter, e.g., impedance or temperature, of the target
tissue 12 assumes a value indicative of potential damage to
the target tissue 12, for example excessive heating, the
controller 50 can rapidly and automatically respond and take
action by controlling the electrical signal generator 40 to
control the strength of the electric field, which may include
reducing current density and tlow, to prevent damage to the
target tissue 12 and discomiort to the patient 14. The sensors
S1, S2 and the controller 50 thus comprise an automatic,
closed-loop feedback control system that does not require
any direct feedback from the patient 14. In addition, 1n order
to further reduce the risk of causing damage to the target
tissue 12 or patient 14 discomiort while determining the
impedance peaks and peak magnitudes, the controller 50 can
control the electrical signal generator 40 to generate and
deliver the electrical noise stimulation signals with a peak
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voltage value that 1s less than the peak voltage value that
may be used to optimize and maximize the electric field for
actual treatment.

A number of example approaches to control the strength
of the electric field are described 1n further detail below. The
same approaches are equally applicable when the electrical
noise stimulation signal 1s being applied to the target tissue
12 1n advance of treatment to determine the impedance
peaks and when the electrical noise stimulation signal 1s
being applied to the target tissue 12 to provide treatment.
Further, the same approaches are applicable to control the
clectric field to optimize and maximize its strength by
maximizing the voltage component while limiting current
density and flow to provide optimal treatment to the target
tissue 12, and to reduce 1its strength, including reducing
current density and flow, to prevent damage to the target
tissue 12 and discomfort to the patient 14.

With reference to FIGS. 18 A-18D and 19A-19C, 1t 1s also
noted that in connection with determining the peaks and
peak values of impedance and the frequencies at which they
occur, the controller 50 1s preferably configurable to control
the electrode interface 54 as described above to select a
plurality of diflerent combinations of electrodes 30 to
deliver the electrical noise stimulation signals or a non-noise
clectrical stimulation signal to the target tissue 12. As
previously described, the locations, orientations, and dis-
tances of the electrodes 30 1n relation to the target tissue 12
can have a substantial effect on the impedance to current
flow and the strength of the electric field in the target tissue
12 1n response to a particular electrical noise stimulation
signal.

The controller 50 can be configured to carry out either
approach described above a plurality of times using a
plurality of different combinations of electrodes 30 to deter-
mine the peaks and peak values of impedance and the
corresponding frequencies for each of a plurality of combi-
nations of electrodes 30. For example, with respect to the
paddle-type leads 18 and electrodes 30 illustrated in FIG.
18A-18D, the controller 50 can be configured to determine
the peaks and peak values and corresponding frequencies
using one, some or all of selected electrode combinations
30a-30d, 30A-30e, 30a-307, 30c-30d, 30c-30e, 30c-307,
306-30d, 3006-30e, 306-30f, 30a-30b, 30a-30c or other
selected combinations 1n monopolar, bipolar, or multipolar
configurations. Similarly, with respect to the percutaneous
leads 18 and electrodes 30 as 1llustrated in FIGS. 19A-19C,
the controller 50 can be configured to determine the peaks,
peak values, and corresponding frequencies using one, some
or all of selected electrode combinations 30a-30d, 30a-307,
306-30¢, 30g2-30¢, 30c-30f, 30a-30g, 30c-30g, 30c/30g-30e,
30a-30c, 30a-30g, 30a/30c-30g, 305-30¢g or other selected
combinations 1n monopolar, bipolar, or multipolar configu-
rations.

Further, the selected combinations of electrodes 30 may

be present on different leads 18 as illustrated in FIGS.
19A-19B, and on the same leads 18 as illustrated in FIGS.

18A-18D and 19C. The selected combinations of electrodes
30 may comprise combinations with one or more electrodes
30 located 1n, on, or adjacent to the target tissue 12 and one
or more electrodes 30 located at a distance from the target
tissue 12 as illustrated 1n FIGS. 18A-18C and 19A-19B, e.g.,
in non-neural tissue such as myelin or fascia. The selected
combinations of electrodes 30 may comprise combinations
with all of the electrodes 30 located in, on, or adjacent to the
target tissue 12 as illustrated 1n FIGS. 18D and 19C.
When the example embodiments of the neuromodulation
system 10 are subsequently used to provide treatment, the




US 10,857,364 Bl

25

controller 50 can be configured to use the information
regarding the peaks and peak values of impedance and the
corresponding frequencies at which they occurred for each
of the plurality of selected combinations of electrodes 30 to
select a specific combination of electrodes 30 to deliver the
clectrical noise stimulation signals to the target tissue 12 that
will optimize and maximize the electric field in the target
tissue 12 with the desired voltage and current characteristics
described herein to produce optimal therapeutic results. This
can be done either under operator control or automatically
by the controller 50.

To provide treatment to a patient 14, the controller 50 can
be configured to control the electrical signal generator 40 to
optimize and maximize the electric field 1n the target tissue
12 with the desired voltage and current characteristics to
provide optimal therapeutic results without the sensor data
indicating potential damage to the target tissue 12 1 a
number of ways. In one example approach, the controller 50
can be configured to control the electrical signal generator
40 to limit the dose of the electrical noise stimulation signals
and thus the electric field to the target tissue 12 by limiting
the duration of time the electrical signal generator 40
delivers the electrical noise stimulation signals with peak
voltage values 1n the preferred range described herein to the
target tissue 12. This 1n turn limits the current density and
flow over time and limits heating of the target tissue 12, thus
producing optimal therapeutic effects without the sensor
data indicating a value of the physical parameter, e.g.,
temperature or impedance, associated with potential damage
to the target tissue 12 or discomiort to the patient 14. For
example, the present inventor has found that in some
instances electrical stimulation signals with peak voltage
values 1n the preferred range can be delivered to the target
tissue 12 to produce an optimized and maximized electric
field 1n doses as short as four (4) minutes and provide
ellective relief from pain for up to a week or more without
causing any damage to the target tissue 12 or discomiort to
the patient 14.

In another example approach, the controller 50 can be
configured to optimize and maximize the electric field in the
target tissue 12 by controlling the electrical signal generator
40 to generate and deliver the electrical noise stimulation
signals to the target tissue 12 in one of the narrow frequency
bands of the plurality of narrow frequency bands previously
determined to correspond to peak values of impedance of the
target tissue 12. Further, the controller 50 can be configured
to control the electrical signal generator 40 to adjust the
center frequency of the frequency band upwardly or down-
wardly to further control and adjust the electric field and to
monitor the sensor data to determine the effects of the
adjustments on the impedance, voltage, current density and
flow, and temperature of the target tissue 12 to optimize and
maximize the electric field in the target tissue 12.

In another example approach, the controller 50 can be
configured to optimize and maximize the electric field in the
target tissue 12 by selecting a first frequency band corre-
sponding to a first peak value of impedance of the target
tissue 12 from the plurality of frequency bands previously
determined to correspond to peak values of impedance of the
target tissue 12. The controller 50 can be further configured
to control the electrical signal generator 40 to generate and
deliver the electrical noise stimulation signals to the target
tissue 12 1n the selected first frequency band. The controller
50 can further be configured to monitor the sensor data,
make a determination regarding the characteristics of the
clectric field produced 1n the target tissue 12 by the electrical
noise stimulation signals 1n the first frequency band, select
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a second Ifrequency band corresponding to a second peak
value of impedance of the target tissue 12, and control the
clectrical signal generator 40 to generate and deliver the
clectrical noise stimulation signals to the target tissue 12 1n
the selected second frequency band. The controller 50 can be
configured to continue to select additional frequency bands
corresponding to previously determined peak values of
impedance and control the electrical signal generator 40 to
generate and deliver electrical noise stimulation signals 1n
cach of the selected bands until the most optimized electric
field, e.g. highest voltage component with acceptably low
current density and tlow, 1s produced 1n the target tissue 12.

In another example approach, the controller 50 can be
configured to control the electrode interface 54 to select a
first electrode 30 or combination of electrodes 30 from the
plurality of electrodes 30 and plurality of possible combi-
nations of electrodes 30 as described above. The controller
50 can be further configured to control the electrical signal
generator 40 to generate the electrical noise stimulation
signal and deliver it to the target tissue 12 via the first
selected electrode 30 or combination of electrodes 30 to
produce the electric field 1n the target tissue 12. The con-
troller 50 can further be configured to monitor the sensor
data, make a determination regarding the characteristics of
the electric field produced in the target tissue 12 using the
first selected electrode 30 or combination of electrodes 30,
select a second electrode 30 or combination of electrodes 30,
and control the electrical signal generator 40 to generate and
deliver the electrical noise stimulation signals to the target
tissue 12 using the second electrode 30 or combination of
clectrodes 30. The controller 50 can be configured to con-
tinue to select additional electrodes 30 or combinations of
clectrodes 30 to deliver the electrical noise stimulation
signals to the target tissue 12 until the most optimized
clectric field, e.g. highest voltage component with accept-
ably low current density and tlow, 1s produced 1n the target
tissue 12.

It will be appreciated that any one or more of the
above-described approaches, as well as others, can be
employed alone or in combination. It will also be appreci-
ated that the controller S0 can also be configured to control
the electrical signal generator 40 to change or adjust the peak
voltage values of the electrical noise stimulation signals 1n
combination with any one or more of the above-described or
other approaches.

It also will be appreciated from the foregoing descriptions
of example approaches to optimize and maximize the elec-
tric field that the controller 50 1s adapted and configured to
optimize and maximize the electric field automatically 1n
response to the sensor data even without any direct feedback
from the patient 14. In addition and if desired, an operator
or user of the example embodiments of the neuromodulation
system 10 can further adjust the optimized electric field
based on subjective mput regarding patient 14 sensations in
response to application of the automatically optimized elec-
tric field to the target tissue 12 1n order to optimize the
sensations as subjectively felt by the patient 14 and the
patient’s subjective treatment experience. For example, an
operator or user can have a patient 14 being treated compare
and describe the sensations the patient 14 1s subjectively
feeling as the center frequency of a selected frequency band
1s adjusted, as diflerent frequency bands are selected, and/or
as different combinations of electrodes 30 are selected. The
operator or user can then provide corresponding inputs to the
controller 530 to control the electrical signal generator 40 to
adjust the parameters of the electrical noise stimulation
signals and/or to adjust the selection of electrodes 30 1n
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order to adjust the electric field produced 1n the target tissue
12 and optimize the patient’s subjectively felt sensations and
treatment experience.

Further with regard to optimizing and maximizing the
clectric field, the controller 50 1s preferably configured to
control the electrical signal generator 40 to generate the
clectrical noise stimulation signals with peak voltage values
in the range of about 5V to about 200V over a frequency
spectrum of about 50 Hz., and more preferably about 100
Hz., to about 750 KHz. Within each range, the values of
peak voltage and the frequencies selected for treatment will
depend on the nature and location of the tissue being
stimulated or modulated and the nature and severity of the
condition being treated, among other considerations.

Still turther, within the foregoing voltage and frequency
ranges, the controller 30 also 1s preferably configured to
control the electrical signal generator 40 to generate and
deliver the electrical noise stimulation signals to produce
optimized and maximized electric fields in the target tissue
12 having intensity values 1n the range of about 1,000V/m
to about 500,000V/m with current tlow 1n the range of about
10 mA to about 300 mA or less.

As described above, the controller 50 1s preferably con-
figured to monitor the sensor data produced by the sensors
S1, S2 both while the electrical noise stimulation signals are
being provided to the target tissue 12 to determine the peaks
and peak values of impedance and to stimulate or modulate
the target tissue 12 to provide treatment. The controller 50
1s prelferably configured to rapidly and automatically
respond to the sensor data indicating a value of the physical
parameter, ¢.g., impedance and/or temperature, associated
with potential damage to the target tissue 12 and to rapidly
and automatically take an action to control and reduce the
strength of the electric field, and/or reduce the current
density and tlow, to prevent damage to the target tissue 12
and discomiort to the patient 14. Thus, as noted previously,
the sensors S1, S2 and the controller 50 comprise an
automatic, closed-loop feedback system that does not
require direct feedback from the patient 14.

For example, as illustrated in FIG. 16-17 while the
clectrical noise stimulation signals are being applied to the
target tissue 12 1n a selected frequency band, the value of the
monitored impedance (Z) 76 derived from the sensor data
produced by one or more of the sensors S1, S2 may be
expected to remain relatively stable. Similarly, the value of
the monitored temperature 78 of the target tissue 12 derived
from the sensor data produced by one or more of the sensors
S1, S2 may be expected to remain relatively stable and
perhaps to rise somewhat with larger doses, e.g., longer
durations or higher peak voltage values, of the electrical
noise stimulation signals. However, 11 or when the value of
the monitored temperature 78 rises to a predetermined level
or value 1indicative of potential damage to the target tissue 12
as 1llustrated by the hornizontal dashed line in FIG. 17, a
temperature action point 79 1s reached. Similarly, 11 or when
the value of the monitored impedance 76 decreases to a
predetermined level or value indicative of potential damage
to the target tissue 12 as 1llustrated by the horizontal dashed
line 1n FI1G. 16, an impedance action point 77 1s reached. The
controller 50 1s configurable to determine when an action
point has been reached and to rapidly and automatically take
action as described herein.

The predetermined level or value of temperature that
corresponds to a temperature action point 79 can be a
predetermined relative or absolute value, such as 42° C., or
a range of temperatures, or another derived parameter of
temperature such as an average, mean, or slope. Similarly,
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the predetermined level or value of impedance that corre-
sponds to an impedance action point 77 can be a predeter-
mined absolute or relative value, such as a 50% decrease, or
a range ol absolute or relative impedance values, or another
derived parameter of impedance such as an average, mean,
or slope.

Typically, 1t can be expected that a relatively rapid rise 1n
the value of temperature and a relatively rapid decrease in
the value of impedance will correspond 1n time and together
indicate potential damage to the target tissue 12, but not
always. Accordingly, the controller 50 may be configured to
monitor and use the sensor data values for either physical
parameter, but preferably both, 1n determining whether and
when to take action.

Regarding the actions the controller 50 may take to
control the strength of the electric field or the current density
and flow to prevent damage to the target tissue 12 and
discomiort to the patient 14, 1t will be appreciated that any
one or more or a combination of the above-described actions
for controlling the electric field to optimize and maximize 1t
can also be used to control the electric field to reduce 1its
strength, including reducing the current density and current
flow 1n the target tissue 12. Thus, any one or more or a
combination of such approaches, e.g., adjusting center fre-
quency, selecting different frequency bands, and selecting
different electrodes, can comprise the action or actions taken
by the controller 50 1n response to the sensor data indicating
a value of the physical parameter, e.g., temperature and
impedance, associated with potential damage to the target
tissue 12.

G. User Interface.

As 1llustrated 1n FIG. 10, the example embodiments of the
neuromodulation system 10 may but need not necessarily
include a user iterface 62 external to the patient 14. If
included, the user interface 62 may comprise a conventional
computer or computer system, and/or one or more periph-
erals, such as a conventional display, keyboard, keypad, and
pointing device, such as a mouse. The user interface 62 also
may comprise a mobile device 84, such as a tablet computer,
as 1llustrated 1n FIG. 12. The user interface may be adapted
and configured to enable a user or operator to interact with
the controller 50 either directly or indirectly via an external
controller 60, which 1s described further below. The user
interface 62 may comprise a separate unit or component and
may be integrated in whole or in part with the external
controller 60.

The user interface 62 can be used to communicate with
the controller 50 and with the external controller 60 to
cnable powering the example embodiments of the neuro-
modulation system 10 up and down, to perform system
setup, to enter start/stop commands for generation of the
clectrical noise stimulation signals, to make adjustments to
the parameters and characteristics of the electrical noise
stimulation signals either for future use or i1n real time, and
to otherwise enable user or operator control of the example
embodiments of the neuromodulation system 10. The user
interface 62 also can be adapted and configured to receive
and display various 1tems of information to enable a user or
operator to monitor the status, operation and functionality of
the example embodiments of the neuromodulation system
10 and 1f necessary intervene. Such information can include,
for example, sensor data, such as temperature and 1mped-
ance values, identification of the selected electrodes, and
various characteristics of the electrical noise stimulation
signal, such as voltage level, current intensity level, field
intensity, center frequency, and frequency bandwidth. Such
information also can include treatment information includ-
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ing the dose time selected and the time remaiming. The
information also can include information concerning system
status such as the remaining charge level of batteries com-
prising an internal power source 52, which 1s described
turther below, imnternal temperature of the implantable enclo-

sure 16, etc.
H. External Controller.

As 1llustrated 1n FI1G. 10, the example embodiments of the
neuromodulator system 10 may but need not necessarily
include an external controller 60 that 1s external to the
patient 14. If included, the external controller 60 may
comprise a conventional computer or computer system, and
may also comprise a mobile device 84, such as a tablet
computer, as 1llustrated in FIG. 12. The external controller
60 may comprise a separate unit or component and may be
integrated 1n whole or 1n part with the user interface 62.

The external controller 62 may be electrically coupled
with and may be adapted and configured to communicate
with the controller 50 via wire leads 65 or wirelessly.
Wireless communication may be by any suitable wireless
arrangement including electromagnetically via RF transmis-
sion with suitable antennas, inductively via a suitable induc-
tive coil arrangement, or by any other suitable wireless
arrangement. Similarly, the external controller 60 also may
be coupled to and adapted and configured to communicate
with remote devices via telecommunications network 80 as
illustrated in FIG. 12.

The external controller 60 can be adapted and configured
to incorporate some or all of the functions and operability of
the controller 50 described herein such that in some embodi-
ments, an 1mplantable controller 50 may not be present.
Alternatively, the external controller 60 1n combination with
the user interface 62 may be adapted and configured to
enable a user or operator to externally control some or all of
the Tunctions and operations of the controller 30, including,
for example the generation and control of the electrical noise
stimulation signals, selection of electrodes 30 and applica-
tion of the electrical noise stimulation signals to target tissue
12, and monitoring of sensor data generated by sensors S1,
S2.

The external controller 60 also can be adapted and con-
figured to control in whole or 1n part the use of an external
power source 64, which 1s illustrated m FIG. 10 and
described further below, to provide power remotely to the
components within the implantable enclosure 16 1llustrated
in FIG. 11. The external controller 60 can be adapted and
coniigured to control use of the external power source 64 to
provide a source of power for the internal power source 52,
for example 11 the 1internal power source comprises a trans-
former or voltage converter, and to provide power to
recharge internal power source 52 1f the internal power
source 52 comprises rechargeable batteries. In embodiments
without the internal power source 52, the external controller
60 can be adapted and configured to control use of the
external power source 64 to directly provide power to the
other components of the implantable enclosure 16, including
the electrical signal generator 40 to generate the electrical
noise stimulation signals. Further, in embodiments in which
the electrical signal generator 40 1s external to the patient 14,
the external controller 60 can be adapted and configured to
control use of the external power source 64 to directly
provide power to the external electrical signal generator 40.
I. Power Sources.

An internal power source 52 may be enclosed within the
implantable enclosure 16 and be implantable 1n a patient 14.
The internal power source 52 may be electrically coupled to
and provide operating power to the electrical signal genera-
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tor 40, controller 50, and other components enclosed within
the implantable enclosure 16, including the electrode inter-
face 54, sensor interface 56, and communications interface
58 to the extent needed.

The internal power source 52 may comprise an internal
source of power, such as a transformer, voltage converter, or
the like that 1s fed by an external source of power, such as
external power source 64 1llustrated 1n FIG. 11 and described
below. In that case, the internal power source 52 may be
coupled to and receive power from the external source of
power via a wired connection or wirelessly, for example via
a suitable inductive coil arrangement.

Preferably, however, the internal power source 352 will
comprise a self-contained source of power such as a suitable
battery or batteries. Further, the battery or batteries prefer-
ably will be of the rechargeable type. Suitable batteries may
include batteries of the lithium 1on, lithium air, lithium/
10odine, and lithium/manganese oxide types which are com-
mercially available from numerous sources. The battery or
batteries will preferably be rechargeable either via a wired
connection to an external source of power, such as the
external power source 64, or wirelessly, for example via a
suttable inductive coil arrangement.

The external power source 64 1s located external to the
patient 14 and preferably i1s adapted to provide operating
power for the external controller 60 and the user interface
62. The external power source 64 also 1s preferably adapted
to function as a source of external power to the internal
power source 52 as described above. In embodiments in
which there 1s no internal power source 52, the external
power source 64 also preferably will be adapted to provide
power directly to the other components of the implantable
enclosure 16, including the electrical signal generator 40 to
generate the electrical noise stimulation signals. Further, 1n
embodiments 1n which the electrical signal generator 40 1s
external to the patient 14, the external controller 60 will
preferably be adapted to provide power directly to the
external electrical signal generator 40. The external power
source 64 may comprise any suitable source ol power
including but not limited to one or more connections to an
external power grid, a generator, or one or more batteries.
J. Exemplary Telecommunications Networks.

With reference to FIG. 12, the example embodiments of
the neuromodulation system 10 may be utilized upon or in
connection with any telecommunications network 80
capable of transmitting data including voice data and other
types of electronic data. For example, the controller 50 and
the external controller 60 of the example embodiments of
the neuromodulation system 10 may connect and commu-
nicate with remote devices using the telecommunications
network 80. Examples of suitable telecommunications net-
works 80 for the example embodiments of the neuromodu-
lation system 10 include but are not limited to global
computer networks (e.g. Internet), wireless networks, cellu-
lar networks, satellite communications networks, cable com-
munication networks (via a cable modem), microwave com-
munications networks, peer-to-peer networks, local area
networks (LAN), wide area networks (WAN), campus area
networks (CAN), metropolitan-area networks (MAN), and
home area networks (HAN). The communications interface
58 and the external controller 60 of the example embodi-
ments of the neuromodulation system 10 may comprise the
appropriate modems or other iterfaces and may implement
the appropriate protocols to enable the example embodi-
ments of the neuromodulation system 10 to communicate
with remote devices over the telecommunications network
80. The example embodiments of the neuromodulation
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system 10 may communicate via a single telecommunica-
tions network 80 or multiple telecommunications networks
80 concurrently. Various protocols may be utilized by the
clectronic devices for communications such as but not
limited to HTTP, SMTP, FTP and WAP (Wireless Applica-
tion Protocol). The example embodiments of the neuro-
modulation system 10 may be utilized 1n connection with
various wireless networks such as but not limited to 3G, 4G,
LTE, CDPD, CDMA, GSM, PDC, PHS, TDMA, FLEX,
REFLEX, IDEN, TETRA, DECT, DATATAC, and MOBI-
TEX. The example embodiments of the neuromodulation
system 10 may also be utilized with online services and
internet service providers.

The Internet 1s an exemplary telecommunications net-
work for the example embodiments of the neuromodulation
system 10 to operate upon or 1n connection with. The
Internet 1s comprised of a global computer network having
a plurality of computer systems around the world that are 1n
communication with one another. Via the Internet, the com-
puter systems are able to transmit various types of data
between one another. The communications between the
computer systems may be accomplished via various meth-
ods such as but not limited to wireless, Ethernet, cable,
direct connection, telephone lines, and satellite.

K. Central Communication Unit.

The example embodiments of the neuromodulation sys-
tem 10 may be in communication with a central communi-
cation unit 82. The central communication unit 82 may be
comprised of any central communication site with which
communications are preferably established. The central
communication unit 82 may be comprised of a server
computer, cloud based computer, virtual computer, personal
computer or other computer system capable of receiving and
transmitting data via IP networks and/or the telecommuni-
cation network. As can be appreciated, a modem or other
communication device may be required between each of the
central commumnication unit 82 and the corresponding tele-
communications network 80. The central communication
unit 82 may be comprised of any electronic system capable
of receiving and transmitting information (e.g. voice data,
computer data, etc.).

L.. Mobile Device.

The example embodiments of the neuromodulation sys-
tem 10 may be comprised of 1n part or may be in commu-
nication with a mobile device 84. For example, all or part of
the external controller 60 illustrated in FIG. 10 and
described above may be comprised of the mobile device 84.
The mobile device 84 may be comprised of any type of
computer for practicing the various aspects of the example
embodiments of the neuromodulation system 10. For
example, the mobile device 84 can be a personal computer
(e.g. APPLE® based computer, an IBM based computer, or
compatible thereol) or tablet computer (e.g. IPAD®). The
mobile device 84 may also be comprised of various other
clectronic devices capable of sending and receiving elec-
tronic data including but not limited to smartphones, mobile
phones, telephones, personal digital assistants (PDAs),
mobile electronic devices, handheld wireless devices, two-
way radios, smart phones, communicators, video viewing
units, television units, television receivers, cable television
receivers, pagers, communication devices, and digital satel-
lite recerver units.

The mobile device 84 may be comprised of any conven-
tional computer. A conventional computer preferably
includes a display screen (or monitor), a printer, a hard disk
drive, a network interface, and a keyboard. A conventional
computer also includes a microprocessor, a memory bus,
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random access memory (RAM), read only memory (ROM),
a peripheral bus, and a keyboard controller. The micropro-
cessor 1s a general-purpose digital processor that controls the
operation of the computer. The microprocessor can be a
single-chip processor or implemented with multiple com-
ponents. Using instructions retrieved from memory, the
microprocessor controls the reception and manipulations of
input data and the output and display of data on output
devices. The memory bus 1s utilized by the microprocessor
to access the RAM and the ROM. RAM 1s used by micro-
processor as a general storage area and as scratch-pad
memory, and can also be used to store mput data and
processed data. ROM can be used to store instructions or
program code followed by microprocessor as well as other
data. A peripheral bus 1s used to access the mput, output and
storage devices used by the computer. These devices may
include a display screen, a printer device, a hard disk drive,
and/or a network interface. The display screen comprises an
output device that displays 1mages of data provided by the
microprocessor via the peripheral bus or provided by other
components in the computer. A keyboard controller 1s used
to recetve iput from the keyboard and send decoded
symbols for each pressed key to microprocessor over bus.
The keyboard 1s used by a user to input commands and other
instructions to the computer system. Other types of user
input devices can also be used i conjunction with the
example embodiments of the neuromodulation system 10.
For example, pointing devices such as a computer mouse, a
track ball, a stylus, or a tablet to manipulate a pointer on a
screen of the computer system. All or part of the user
interface 62 of the example embodiments of the neuromodu-
lation system 10 1llustrated in FI1G. 10 and described above
can be comprised in whole or 1n part by the display screen,
keyboard, and/or other mput devices described above. The
printer device when operating as a printer provides an 1image
on a sheet of paper or a similar surface. The hard disk drive
can be utilized to store various types of data. The micro-
processor together with an operating system operate to
execute computer code and produce and use data. The
computer code and data may reside on RAM, ROM, or hard
disk drive. The computer code and data can also reside on a
removable program medium and loaded or installed onto
computer system when needed. Removable program medi-
ums 1nclude, for example, CD-ROM, PC-CARD, USB
drives, tloppy disk and magnetic tape. The network interface
circuit 1s utilized to send and receive data over a network
connected to other computer systems. An interface card or
similar device and appropriate software implemented by
microprocessor can be utilized to connect the computer
system to an existing network and transfer data according to
standard protocols.

M. Operation of Preferred Embodiment.

In an example of use of an example embodiment of the
neuromodulation system 10, one or more leads 18 with
clectrodes 30 may be inserted 1n a patient 14 1n conventional
fashion and positioned in desired positions 1n, on, and
around the target tissue 12 to receive treatment as described
herein. Similarly, sensors S1, S2 are implanted 1n the patient
14 1n, on, or around the target tissue 12 eirther coincident
with or in proximity to the electrodes 30. One or more leads
18 extending from the electrodes 30 and the sensors S1, S2
can be connected to an electrical signal generator 40, con-
troller 50, external controller 60, and/or external user inter-
tace 62. Typically, but not necessarily, the electrical signal
generator 40 will be external to the patient 14 while the
example embodiment of the neuromodulation system 10 1s
being set up for permanent implantation 1n the patent 14 or
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if the system 1s being set up to provide only temporary
treatment. Once the setup 1s completed, the implantable
clectrical signal generator 40 typically will be permanently
implanted 1n the patient 14 1n the implantable enclosure 16.

A user or operator may use the user interface 62 and the
controller 50 or external controller 60 to select an electrode
30 or combination of electrodes 30, cause the electrical
signal generator 40 to selectively generate and deliver
clectrical noise stimulation signals to the target tissue 12,
and monitor the sensor data produced by the sensors S1, S2
as described herein. The controller 50 or external controller
60 controls the electrical signal generator 40 as described
herein to scan or sweep the center frequency of a relatively
narrow band of electrical noise stimulation signals across the
entire bandwidth or a portion of the bandwidth of possible
frequencies for such signals and determines a plurality of
peak values of impedance present at a plurality of diflerent
center frequencies. The process 1s repeated for a plurality of
different selected electrodes 30 and/or combinations of
clectrodes 30 as desired.

If necessary or desired, one or more of the electrodes 30
and sensors S1, S2 can be repositioned, for example to
provide better contact, alter the distance and/or orientation
of the electrodes 30 and/or sensors S1, S2 relative to the
target tissue 12, better position the electrodes 30 1n specific
neural and/or non-neural tissue of the target tissue 12 etc. in
order to achieve better peak values of the impedance. The
process to determine the peak values of impedance in
relation to frequency can then be repeated. One or more of
the electrodes 30 and sensors S1, S2 can be repositioned and
the process to determine the peak values of impedance can
be repeated as many times as necessary 1n order to obtain
one or more sets or pluralities of peak values of impedance
that are satisfactory for use 1n providing treatment.

The user or operator then uses the user interface 62 and
the controller 50 or external controller 60 to generate and
deliver electrical noise stimulation signals to the target tissue
12 of the patient 14 to stimulate or modulate the target tissue
12 and provide treatment for one or more conditions, 1nclud-
ing one or more ol the conditions i1dentified herein. The
clectrical noise stimulation signals are generated and deliv-
ered to the target tissue 12 in the manner described herein to
optimize and maximize the electric field 1n the target tissue
12 by maximizing the voltage while maintaining an accept-
ably low level of current density to provide an optimal
therapeutic result while also preventing overheating and
damage to the target tissue 12 and discomiort to the patient
14.

Once the desired therapeutic results are achieved, the
leads 18 can be connected to the lead connection ports 19 of
the implantable enclosure 16 to electrically couple the
clectrodes 30 and sensors S1, S2 to the implantable control-
ler 50 and the mmplantable electrical signal generator 40
within the implantable enclosure 16. The implantable enclo-
sure¢ 16 1s then implanted i1n the patient permanently 1in
conventional fashion.

Thereafter, the patient 14 or a user or operator of the
example embodiment of the neuromodulation system 10 can
use the external controller 60 if included or another remote
device to periodically communicate with the implantable
controller 50 and manually initiate a treatment dose when
needed. The treatment dose can have a preset duration
and/or preset parameters for the electrical noise stimulation
signals, such as peak voltage level. Alternatively, the dura-
tion and some or all parameters of the electrical noise
stimulation signals can be manually selected by the patient
14 or a user or operator. Also alternatively, the implantable
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controller 50 can be configured to automatically initiate
treatment doses on a predetermined schedule and with
predetermined duration and preset parameters of the elec-
trical noise stimulation signals.

Any and all headings are for convenience only and have
no limiting effect. Unless otherwise defined, all technical
and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this mvention belongs. Although specific terms are
employed herein, they are used 1n a generic and descriptive
sense only and not for purposes of limitation. All publica-
tions, patent applications, patents, and other references men-
tioned herein are incorporated by reference in their entirety
to the extent allowed by applicable law and regulations.

Any data structures and code described 1n this detailed
description are typically stored on a computer readable
storage medium, which may be any device or medium that
can store code and/or data for use by a computer system.
This includes, but 1s not limited to, magnetic and optical
storage devices such as disk drives, magnetic tape, CDs
(compact discs), DVDs (digital video discs), and computer
instruction signals embodied 1n a transmission medium
(with or without a carrier wave upon which the signals are
modulated). For example, the transmission medium may
include a telecommunications network, such as the Internet.

At least one embodiment of the neuromodulation system
and method with feedback optimized electrical field genera-
tion 1s described above with reference to block and/or flow
diagrams of systems, methods, apparatuses, and/or computer
program products according to example embodiments of the
invention. It will be understood that one or more blocks of
the block diagrams and flow diagrams, and combinations of
blocks 1n the block diagrams and flow diagrams, respec-
tively, can be implemented by computer-executable program
instructions. Likewise, some blocks of the block diagrams
and flow diagrams may not necessarily need to be performed
in the order presented, or may not necessarily need to be
performed at all, according to some embodiments of the
invention. These computer-executable program instructions
may be loaded onto a general-purpose computer, a special-
purpose computer, a processor, or other programmable data
processing apparatus to produce a particular machine, such
that the mstructions that execute on the computer, processor,
or other programmable data processing apparatus create
means for implementing one or more functions specified in
the flow diagram block or blocks. These computer program
istructions may also be stored in a computer-readable
memory that can direct a computer or other programmable
data processing apparatus to function 1n a particular manner,
such that the instructions stored in the computer-readable
memory produce an article of manufacture including
instruction means that implement one or more functions
specified 1 the flow diagram block or blocks. As an
example, embodiments of the invention may provide for a
computer program product, comprising a computer usable
medium having a computer-readable program code or pro-
gram 1nstructions embodied therein, the computer-readable
program code adapted to be executed to implement one or
more functions specified in the flow diagram block or
blocks. The computer program instructions may also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series ol operational elements
or steps to be performed on the computer or other program-
mable apparatus to produce a computer-implemented pro-
cess such that the instructions that execute on the computer
or other programmable apparatus provide elements or steps
for implementing the functions specified in the flow diagram
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block or blocks. Accordingly, blocks of the block diagrams
and/or flow diagrams support combinations of means for
performing the specified functions, combinations of ele-
ments or steps for performing the specified functions, and
program 1nstruction means for performing the specified
tunctions. It will also be understood that each block of the
block diagrams and/or flow diagrams, and combinations of
blocks 1n the block diagrams and/or flow diagrams, can be
implemented by special-purpose, hardware-based computer
systems that perform the specified functions, elements or
steps, or combinations of special-purpose hardware and
computer mstructions.

The present invention may be embodied 1n other specific
torms without departing from the spirit or essential attributes
thereot, and it 1s therefore desired that the present embodi-
ment be considered in all respects as illustrative and not
restrictive. Many modifications and other embodiments of
the neuromodulation system and method with feedback
optimized electrical field generation will come to mind to
one skilled 1n the art to which this invention pertains and
having the benefit of the teachings presented 1n the forego-
ing description and the associated drawings. Further, fea-
tures 1llustrated or described as part of one embodiment may
be used on another embodiment to yield a still further
embodiment. Therefore, it 1s to be understood that the
invention 1s not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. Although methods and materials similar to or
equivalent to those described herein can be used in the
practice or testing of the neuromodulation system and
method with feedback optimized electrical field generation,
suitable methods and materials are described above. Thus,
the neuromodulation system and method with feedback
optimized electrical field generation 1s not intended to be
limited to the embodiments shown, but is to be accorded the
widest scope consistent with the principles and features
disclosed herein.

What 1s claimed 1s:
1. A system for providing therapy to a patient, the system
comprising:
an 1mplantable electrode;
an 1mplantable sensor;
an electrical signal generator coupled to the implantable
clectrode and adapted to generate an electrical noise
stimulation signal; and
a controller coupled to the implantable sensor and to the
clectrical signal generator;
wherein the implantable electrode 1s adapted to receive
the electrical noise stimulation signal and to produce an
clectric field for application to target tissue of a patient,
wherein the target tissue comprises neural tissue, non-
neural tissue, or a combination thereof;
wherein the controller 1s configured to:
receive Irom the implantable sensor data indicative of
a physical parameter associated with the target tissue
in response to application of the electrical noise
stimulation signal; and
in response to the sensor data automatically control the
clectrical signal generator to generate the electrical
noise stimulation signal to maximize the electric
field to produce an optimal therapeutic eflect without
the sensor data indicating a value of the physical
parameter associated with potential damage to the
target tissue by the electrical noise stimulation sig-
nal.
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2. The system of claim 1, wherein the implantable sensor
comprises a temperature sensor and the physical parameter
of the target tissue comprises temperature.

3. The system of claim 1, wherein the implantable sensor
comprises an impedance sensor and the physical parameter
of the target tissue comprises impedance.

4. The system of claim 1, wherein the electrical signal
generator 15 1mplantable.

5. The system of claim 1, wherein the controller 1s
implantable.

6. The system of claim 1, wherein the controller 1s
configured to respond to the sensor data indicating a value
of the physical parameter associated with potential damage
to the target tissue to automatically take an action to reduce
the strength of the electric field.

7. The system of claim 6, wherein the action to reduce the
strength of the electric field comprises an action to reduce a
current density or tlow to the target tissue.

8. The system of claim 6, wherein the value of the
physical parameter associated with potential damage to the
target tissue comprises a predetermined value or range of
impedance.

9. The system of claim 6, wherein the value of the
physical parameter associated with potential damage to the
target tissue comprises a predetermined value or range of
temperature.

10. The system of claim 1, wherein the controller 1s
configured to respond to the sensor data indicating a value
of the physical parameter associated with potential damage
to the target tissue to automatically take an action to reduce
a current density or flow to the target tissue, and wherein the
physical parameter associated with potential damage to the
target tissue comprises a predetermined value or range of
temperature or impedance.

11. The system of claim 1, wherein the controller 1s
configured to control the electrical signal generator to limait
a dose of the electric field to produce the optimal therapeutic
cellect without the sensor data indicating a value of the
physical parameter associated with potential damage to the
target tissue.

12. The system of claim 1, wherein the controller 1s
configured to control the electrical signal generator to maxi-
mize the electric field by maximizing a voltage component
of the electric field while maintaining a level of current
density or flow to the target tissue so that the sensor data
does not indicate a value of the physical parameter associ-
ated with potential damage to the target tissue.

13. The system of claim 12, wherein the controller 1s
configured to receive input about patient sensations 1in
response to application of the electric field to the target
tissue, and to control the electrical signal generator in
response to adjust the maximized electric field to optimize
the patient sensations.

14. The system of claim 1, wherein:

the electrical signal generator 1s adapted to generate the

clectrical noise stimulation signal 1n a frequency band
having a center frequency;

the physical parameter of the target tissue comprises

impedance; and

the controller 1s configured to control the electrical signal

generator to maximize the electric field by adjusting the
center frequency to a value that corresponds to a peak
value of the impedance.

15. The system of claim 1, wherein:

the electrical signal generator 1s adapted to generate the

clectrical noise stimulation signal 1 a plurality of
selectable frequency bands;
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the physical parameter of the target tissue comprises

impedance; and
the controller 1s configured to control the electrical signal
generator to maximize the electric field by selecting a
frequency band of the plurality of selectable frequency
bands that corresponds to a peak value of the imped-
ance for the electrical signal generator to generate the
clectrical noise stimulation signal.
16. The system of claim 1, comprising a plurality of
implantable electrodes adapted to receive the electrical noise
stimulation signal, wherein a plurality of electrode combi-
nations are selectable from the plurality of electrodes;
wherein the electrical signal generator 1s adapted to
generate the electrical noise stimulation signal so 1t 1s
received by a selected electrode combination of the
plurality of selectable electrode combinations;

wherein the physical parameter of the target tissue com-
prises 1impedance;

wherein each electrode combination of the plurality of

selectable electrode combinations has a corresponding
peak value of impedance; and

wherein the controller 1s configured to control the elec-

trical signal generator to maximize the electric field by
selecting an electrode combination of the plurality of
selectable electrode combinations to receive the elec-
trical noise stimulation signal.

17. The system of claim 1, wherein the therapeutic eflect
treats at least one condition in the group of conditions
comprising chronic or acute pain, autonomic disorder, sen-
sory disorder, motor disorder, and cognitive disorder.

18. The system of claim 1, wherein the therapeutic effect
treats a chronic or acute pain condition comprising at least
one ol headache pain, migraine pain, spinal lumbar pain
disorder, spinal cervical pain disorder, pain of the abdominal
area, pain of a limb, pain of the pelvic area, pain of the upper
extremities, angina pain, diabetic pain, phantom limb pain,
mediastinal pain, cervical neuritis pain, neuralgia pain,
arthritis pain, irritable bowel pain, osteoarthritis pain, fibro-
myalgia pain, and brachial plexitis.

19. The system of claim 1, wherein the therapeutic eflect
comprises a plastic long-term functional change 1n the target
tissue to lessen or eliminate a pathophysiologic disease or
syndrome.

20. The system of claim 1, wherein the target tissue
comprises at least one tissue that 1s within or adjacent to a
tissue 1n the group comprising brain, spinal cord, dorsal root
ganglion, sympathetic chain ganglion, cranial nerve, para-
sympathetic nerve, and peripheral nerve.

21. The system of claim 1, wherein the target tissue
comprises tissue that 1s within or adjacent to a peripheral
nerve comprising at least one of a tibial nerve, a sacral nerve,
a sacral nerve plexus, a sacral foramen, and a sciatic nerve.

22. The system of claim 1, wherein the electrical signal
generator 1s adapted to generate the electrical noise stimu-
lation signal using at least one form of synthesis 1n the group
comprising subtractive synthesis, additive synthesis, com-
ponent modeling synthesis, wavetable synthesis, linear
arithmetic synthesis, phase distortion synthesis, frequency
modulation synthesis, and sample-based synthesis.

23. The system of claim 1, wherein the electrical noise
stimulation signal comprises at least one form of noise 1n the
group comprising (Gaussian noise, white noise, pink noise,
Brownian noise, red noise, and grey noise.

24. The system of claim 1, wherein the electrical noise
stimulation signal has a peak voltage level in the range of
about 3V to about 200V and a frequency spectrum 1n the

range of about 100 Hz. to about 750 KHz.
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25. The system of claim 1, comprising;:

a user interface that 1s located external to the patient; and

an external controller that 1s located external to the
patient;

wherein the controller and the electrical signal generator
are contained within an enclosure adapted for implan-
tation 1n the patient; and

wherein the external controller 1s configured for commu-
nication with the user itertface and the controller.

26. The system of claim 25, comprising;:

an internal power source for providing power to the
controller and the electrical signal generator, wherein
the mnternal power source 1s contained within the enclo-
sure, and wherein the internal power source 1s wire-
lessly rechargable; and

an external power source adapted to provide power for
wirelessly recharging the internal power source.

277. A system for providing therapy to a patient, the system

comprising:
an electrical signal generator adapted to generate an
clectrical noise stimulation signal for stimulating target
tissue comprising neural tissue, non-neural tissue, or a
combination thereof, wherein the electrical noise
stimulation signal comprises a frequency band with an
adjustable frequency;
a plurality of implantable electrodes coupled to the elec-
trical signal generator and adapted to receive the elec-
trical noise stimulation signal for application to the
target tissue, wherein the plurality of implantable elec-
trodes comprise a plurality of selectable combinations
of electrodes:
an 1mplantable sensor adapted to generate sensor data
indicative of impedance associated with the target
tissue 1n response to application of the electrical noise
stimulation signal; and
a controller coupled to the electrical signal generator and
to the implantable sensor, wherein the controller 1s
configured to:
select a plurality of different combinations of electrodes
from the plurality of selectable combinations of
electrodes:

for each different combination of electrodes selected,
control the electrical signal generator to adjust the
frequency of the frequency band of the electrical
noise stimulation signal to a plurality of different
values;

determine from the sensor data a maximum value of
impedance corresponding to a combination of one of

the different combinations of electrodes and one of
the different values of the frequency of the frequency

band; and

control the electrical signal generator to generate and
deliver the electrical noise stimulation signal to the
target tissue using the combination of the value of
frequency of the frequency band and the combina-
tion of electrodes corresponding to the maximum
value of impedance to maximize the electric field 1n
the target tissue by maximizing a voltage component
of the electric field while maintaining a level of
current density or tlow to the target tissue so that the
sensor data does not indicate a value of the physical
parameter associated with potential damage to the
target tissue by the electrical noise stimulation sig-
nal.

28. A system for providing therapy to a patient, the system

comprising;




US 10,857,364 Bl

39

an electrical signal generator adapted to generate an
clectrical noise stimulation signal for application to a
target tissue comprising neural tissue, non-neural tis-
sue, or a combination thereof to provide a therapeutic
eflect:
an 1mplantable electrode coupled to the electrical signal
generator and adapted to apply the electrical noise
stimulation signal to the target tissue;
an 1mplantable sensor adapted to generate sensor data
indicative of impedance associated with the target
tissue 1n response to the electrical noise stimulation
signal; and
a controller coupled to the electrical signal generator and
to the implantable sensor, wherein the controller 1s
configured to:
control the electrical signal generator to generate the
clectrical noise stimulation signal at a first level that
1s less than a maximum level at which the electrical

noise stimulation signal can be applied to the target
tissue without potentially damaging the target tissue;
determine from the sensor data a first value of 1imped-

ance associated with the target tissue 1n response to
the electrical noise stimulation signal at the first

level; and

40

based on the first value of impedance control the
clectrical signal generator to generate the electrical
noise stimulation signal at a second level that
approximates the maximum level at which the elec-
trical noise stimulation signal can be applied to the
target tissue without potentially damaging the target
tissue to optimize the therapeutic etlect.

29. The system of claim 28, wherein the controller 1s

o configured to:

15

20

determine from the sensor data a second value of imped-
ance associated with the target tissue 1n response to the
clectrical noise stimulation signal at the second level;
and

11 the second value of impedance assumes a value 1ndica-
tive of potential damage to the target tissue, control the
clectrical signal generator to generate the electrical
noise stimulation signal at a third level that can be
applied to the target tissue without potentially damag-

ing the target tissue.
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